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Abstract
In the event of a collision, the vehicle is fitted with passive safety features which aim to reduce
the consequences following impact. In the aftermath of a lateral impact, the vehicle may
deploy a side airbag over the occupant’s chest region to provide supplementary protection.
Research reporting the efficacy of the thoracic side airbag has been limited and at times
contradicting. Thus, the aim of the research reported in this thesis was to expand upon this
and to contribute a better understanding of airbag performance and to identify how injury
risk can best be reduced.
Retrospective analyses of German and American motor vehicle collision databases were
implemented to evaluate the ability of the airbag to reduce the likelihood of thoracic injury.
A series of statistical methods, including the matching of similar severity collisions where
occupant exposure to a deployed airbag differed, were implemented to obtain efficacy
estimates. Controlling for previously unaccounted collision factors enables new efficacy
values to be determined, and thus, to contribute to the current body of knowledge. The
research was complemented by finite element modelling where a human body model was
positioned in a different orientation as the dummy during regulation testing. The aim of the
modelling was to report upon the robustness of the airbag in its ability to reduce the risk of
injury.
The distribution of real world lateral collisions was heavily skewed to vehicle-vehicle side
impacts, over single vehicle impacts. Parallel to the introduction of the thoracic side airbag,
was the increase in lateral and longitudinal stiffness of the vehicle fleet. When accounting for
this stiffness increase, the statistical analysis of vehicle-vehicle side impacts indicated that
no additional benefit, in terms of injury risk, was experienced by the nearside occupant. This
statistical finding was also reported for single vehicle collisions.
The finite element model showed that airbag inflation, interaction with the occupant and
deflation was dependent on occupant orientation. The results suggests that, the airbag unit is
not robust in reducing injury risk with unconventional seating orientations. Yielding similar
characteristics to the results pertained from the real world anaylses.
Complementing the contents of this thesis, is a series of research pieces which have been
published in peer-reviewed journals
• Gaylor, L; Junge, J; and Abanteriba, A. (2017). Efficacy of seat-mounted thoracic side
airbags in the German vehicle fleet. Traffic Inj Prev., 18(8):852–858.
• Gaylor, L; Junge, J; and Abanteriba, A. (2018). Thoracic Side Airbags and Structural
Performance in Vehicle-Vehicle Lateral Impacts. Internation Journal of crashworthi-
ness, 23(1):108–116.
• Gaylor, L; Junge, J; and Abanteriba, A. (2018). Cross-correlation between the con-
trolled collision environment and real world motor vehicle collisions: Evaluating the
protection of the thoracic side airbag. Traffic Inj Prev., 19(4):423–432.
and peer-reviewed conference papers
• Gaylor, L and Junge, M. (2015). Assessment of the efficacy of vehicle side airbags: A
matched cohort study of vehicle-vehicle side collisions using the GIDAS database. In
Proceedings of IRCOBI Conference - Lyon, number IRC-15-41, pp.292—301.
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Chapter 1
Introduction
1.1 Rationale
The World Health Organisation’s (WHO) Decade of Action for Road Safety 2011–2020 aims
to cut in half the global loss of life and trauma associated with road crashes [WHO (2010)].
While absolute numbers of global fatalities in recent years have plateaued, when one considers
the global population growth and increased motorisation, road safety efforts have saved lives
[WHO (2015)]. Considering the United States (US) for example, a significant number of
lives have been saved when accounting for exposure - the US fatality rate in 2009 was 1.14
people per million miles travelled as opposed to a rate of 1.55 for the period 10 years earlier
[NHTSA (2012a)]. Driving this trend is the now multi-national road traffic safety initiative
which was developed in Sweden during the 1990s, Vision Zero. The program envisions a
future with no fatalities or seriously injured occupants resultant from road traffic collisions
[Tingvall (1995)]. It incorporates a holistic approach from urban planners, regulatory bodies
and vehicle designers to ensure the safe mobility of personnel [Trafikverket (2012)].
From the perspective of vehicle designers and engineers, technologies have been inte-
grated into the fleet, independently and in response to regulations imposed by governing
bodies, to improve the fleet’s level of self protection. The term crashworthiness, originating
from the aviation industry1, has become a popular term used in the vehicle safety domain
and it is the ability of the vehicle to provide self-protection to the enclosed occupants during
operation. Self-protection of the vehicle has been improved through the greater penetration
1In its most pure form, crashworthiness is defined as the ability of a structure to protect its occupants during
an impact. After surviving a WW1 mid-air collision Hugh De Haven went on to establish the Crash Injury
Research Project at Cornell University in 1942 and published work such as [De Haven (1942, 1952)].
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of safety systems and technology into the fleet. Categorised into two groups, active and
passive safety technologies2, their purpose is to avoid or mitigate any potential collision.
Within the framework of safety considerations, this research is focused on lateral colli-
sions involving passenger vehicles and the effectiveness of passive safety systems. These are
categorised into single vehicle collisions (such as impacts with fixed objects) and vehicle-
vehicle collisions. In traditional vehicle-vehicle (lateral) impacts, the striking vehicle is the
bullet and the struck vehicle is the target. The design of each vehicle influences the safety of
its own occupants (crashworthiness) and the occupants of the other vehicle (referred to as
aggressivity) [Appel (1973); Gabler and Hollowell (1998)]. Imperative to the design of any
vehicle platform is the need for engineers to consider the self-and partner-protection, which
become crucial concepts in the event of a collision. The ultimate goal of the subsequent
research is to reduce the harm associated with mobility.
1.2 Aim
The thoracic side airbag should mitigate the severity of thoracic injury during a motor vehicle
collision (MVC). Despite its presence in the vehicle fleet, research investigating the efficacy
has been limited and at times contradictory. The work presented in this thesis aims to build
on the current body of knowledge by evaluating the associated efficacy by controlling for
previous unaccounted confounding variables. The research encompassed a consideration
of real-world accident data, crash test data and finite element modelling with human body
models.
1.3 Research Objectives
The primary objectives addressed in this thesis were:
• To evaluate the efficacy of the thoracic side airbag in its ability to protect the occupant’s
thorax
• To identify factors which can improve crashworthiness of the vehicle fleet to reduce
injury risk in the event of a lateral impact
In order to evaluate these objectives, the following research questions were addressed in
the subsequent chapters:
2Safety measures which prevent collisions are known as "active" safety features and safety measures which
reduce the consequences of collisions are known as "passive" safety features [Volkswagen (1986)].
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1.4 Outline
Background
Information
Does the thoracic side airbag
provide supplementary protection?
How can the fleet crashworthiness
be improved to reduce injury risk?
How can one best improve crashworthiness standards
for nearside occupants in lateral impacts?
How robust are virtual models under
non-traditional boundary conditions?
How effective was the airbag in preventing
injury for single vehicle lateral collisions?
Can a correlation between lateral stiffness
and dynamic response of the door be defined?
Can results from the closed collision environment
be cross-correlated with field data?
How effective was the airbag in preventing
injury for vehicle-vehicle lateral impacts?
How effective was the airbag in preventing
injury for general lateral impacts?
Why was the passive safety system
introduced into the vehicle fleet?
How has the modern collision environment
changed with improved vehicle crashworthiness?
Chapter
2
3
4
5
6
7
8
9
10
Contributory research question addressed
Fig. 1.1 The flow chart describes the progressive nature of the thesis in which the two research
objectives will be evaluated through research questions.
1.4 Outline
In Chapter 2, the literature was reviewed and describes why side airbags were introduced
into the vehicle fleet to offer additional occupant protection. The section is outlined in a
chronological order and concludes with a description of the airbag systems used in the current
production vehicles and the extent of research which has evaluated the system’s efficacy.
Chapter 3 poses a series of elementary research questions so an initial data analyses
and statistical evaluation can applied to the various collision databases. The initial research
analyses changes to the vehicle structure, both in terms of striking and struck vehicle, how
occupant injury risk may vary under different collision or exposure to impact severity and
how the collision environment may be changing with a greater presence and effectiveness of
other driver assistance programs.
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In Chapter 4, an initial evaluation of the thoracic side airbag was conducted by evaluating
its performance in the German fleet. For the primary analysis both vehicle-vehicle and
vehicle-fixed object3 lateral collisions are used for the evaluation.
In Chapter 5, the analysis differentiates between broad lateral impacts and isolates the
vehicle-vehicle impacts for analysis. Collisions recorded within an American database were
used for a comprehensive analysis to better determine airbag efficacy. A predictive model
was developed to describe how risk of injury changes for increasing collision severity. Injury
risks are further differentiated for similar vehicles with and without occupant exposured to
the airbag.
Chapter 6 explores the link between the controlled collision environment and field data.
The performance of the airbag in a controlled domain was determined from crash dummy
data. The chapter contributes to the body of knowledge by using impact specific parameters
from the controlled domain and projects results to vehicle collisions in the field. This process
improves upon the assumptions used in the previous chapters to determine airbag efficacy
from the perspective of the occupant.
Data from the controlled domain was evaluated in Chapter 7 to identify trends in the
vehicle fleet. Namely, the chapter seeks to identify if a correlation between the well estab-
lished increase in lateral stiffness and dynamic motion of the door during impact exists. The
sections bridges a current gap of knowledge by analysing if residual structural improvements
have resulted in a reduced dynamic response of the intruding door.
The less frequent, single vehicle fixed-object collisions were identified in Chapter 8. The
manner in which vehicles are validated in consumer testing programs was also explored
following the recent upgrade of consumer testing procedures. Additionally estimates of
airbag performance in a different load case are again derived from field data. In this section
the degree of residual intrusion was used to compare injury risks. This chapter provides
a unique insight into the protection afforded to the airbag in the event of a single vehicle
impact.
Chapter 9 revisits the link between the controlled collision environment and field data
to investigate model performance and robustness in a sensitivity analysis. Using advanced
numerical simulation tools an analysis was proposed and implemented with strong correla-
tions to the field. The chapter explores the robustness of the airbag model, its inflation and
deployment, and importantly its ability to offer additional thoracic protection.
In Chapter 10, the findings of the thesis are used to describe how one must develop
the fleet for optimal crashworthiness, from the perspective of the occupant. A series of
pre-established safety features were discussed in regards to the additional safety feature
3Collision with a tree or pole are classified within this domain
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they offer the occupant. Although the features already appear in scientific literature, this
chapter contributes to the current body of literature by taking into consideration a future with
autonomous driving.
Finally, in Chapter 11, conclusions are drawn and recommendations for further research
are proposed.
1.5 A brief summary of accident research, safety research,
injury mitigation and injury prevention
The collective goal of traffic safety research is to reduce the number of traffic accidents, the
accident- and injury-severity and rate of accidents per unit of exposure [Elvik et al. (2009)].
It has been suggested that injury can be defined as exposure to energy and consequently,
more energy should be correlated with a higher proportion of severe injuries [Institute of
Medicine & National Research Council (1985)]. The current standard of occupant protection
afforded to the modern vehicle fleet is partly attributable to the retrospective analysis of
Real-World MVCs. It is by no means sufficient to study barrier impacts in isolation - as real
collisions always consist of impacts between different types of vehicles at different speeds
and with different impact directions [Volkswagen (1986)]. Therefore, to evaluate the aims of
this thesis a meticulous statistical analysis of Real-World MVC was required.
Retrospective studies of real-world MVC are beneficial in that they allow for the evalua-
tion of changes to the vehicle fleet, or legislation. An admissible example of a crash reduction
due to an intervention was demonstrated when Kahane (1989) determined the efficacy of
Center High Mounted Stop Lamps in preventing rear-collisions from a retrospective stand-
point. The research demonstrated results which yielded a financial benefit [Kahane and Hertz
(1998)] and contributed to the requirement of a central brake light in all vehicle platforms
(UN Regulation 48 since 1998).
A turning point for vehicle safety and occupant crashworthiness was achieved with the
inauguration of Federal Motor Vehicle Safety Standards (FMVSS), which became effective
for all new American vehicles manufactured after January 1, 1968. This was the first broad
set of legal requirements issued anywhere in the world. The standards were reflective of
initial research from the American medical doctor, William Haddon Jr, pertaining to the
precrash, crash, and postcrash phases summarized in the Haddon matrix [NTSA (1967)].
Haddon published the book entitled, ’Accident Research’ which addressed the notion
that injury occurs through the transfer of energy (between the precrash, crash, and postcrash
phases) and that bodily damage results when energy is transferred at rates or in magnitudes
5
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that the body cannot withstand [Haddon et al. (1964)]. Yet, notions of the term accident have
since become a controversial issue, partially attributable to the legal ramifications associated
with the term. Neutrally, an accident may be defined with reference to an event whereby
control was lost and damage occurs as a consequence [Andersson (2012)]. Extreme action
was recently taken in which the British Medical Journal (BMJ) Publishing Group decided
to ban the use of the word accident [Davis and Pless (2001)]. Consequently, the use of
traffic accidents was replaced with the term safety research. Remaining a broad subject that
incorporated many professions, a more succinct topic overview was sought. For the purpose
of the following dissertation, we lend support to the definition stemming from the public
health sector, injury prevention. This is complemented by the fact that majority of research
which follows investigates the risk of injury for occupants involved in lateral MVC. In that
sense, the neutral accident definition proposed by Andersson does not uphold since, the target
party may not have necessarily lost control of their vehicle. The term injury mitigation was
avoided at all costs. Andersson (2012) outlined a relevant oxymoron in the social sciences
envelope. Suicidologists, those who study the psychological aspects of the event, would never
accept the complexity of suicide being reduced to a matter of intentional self-directed injuries.
So why should ‘accidentologists’ accept their subjects being reduced to unintentional injury.
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2.1 Side impacts, impact incompatibility and attempts to
improve occupant injury risk
The orientation of a vehicle collision whereby primary impact occurs to the vehicle’s side
has long presented issues for vehicle-safety engineers. For example, the frontal structure
of a vehicle can safely absorb five times greater energy than the side structure [Cesari and
Bloch (1984)]. The ability of the vehicle to protect the enclosed occupants during a lateral
impact is complicated by the structural and geometric limitations originating from vehicle
design traditions and evolution [Crandall (2003); Grzebieta et al. (2001); Strother et al.
(1984); Warner et al. (1990)]. Namely, the closeness of the occupant to the intruding object
and the limited lateral structural support heightens the injury risks associated with side
impacts. Consequently, the intruding vehicle structure, namely the vehicle door has long
been identified as an associative factor for injury [Augenstein et al. (2000); Brumbelow et al.
(2015); Fildes et al. (1994); Harms et al. (1987); Hartemann et al. (1976); Reidelbach and
Zeidler (1983); Thor and Gabler (2008); Zaouk et al. (2001)]. Accordingly, the occupant’s
thoracic region is one of the most susceptible regions to injury (Kulowski, 1956, Chp.7), and
was shown to be the most prominent injury of all other regions [Acierno et al. (2004); Hassan
et al. (2006, 1995); NHTSA (2004); Samaha and Elliott (2003); Sunnevang et al. (2015)].
The chest of the struck side4 (outboard) occupant is loaded by the intruding door with forces
exceeding those incurred from post-impact belt loading in frontal collisions. Although not as
frequent occurrence as frontal impacts [Gabler (2003)], side impacts account for a third of
4Denoted from here on in as nearside
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all occupants sustaining serious injury from MVC [Samaha and Elliott (2003)]5, and drivers
being struck on their nearside had twice the odds of a fatal injury compared with drivers who
experienced front impacts [Bedard et al. (2002)]6. In order to improve occupant protection,
the geometric incompatibilities of the vehicle attaining to lateral impacts has remained a
continuous area of safety research.
Vehicle crash compatibility through the 1970’s identified mass, stiffness and geometry as
the primary concerns surrounding crash aggressivity [Chillon (1971); Ventre (1973)]. In the
case of the intruding door, the velocity at the point of occupant impact is governed by the
front-side stiffness ratio of the two colliding vehicles. Meanwhile, the (colliding vehicles)
mass ratio controls the final velocity of the two vehicles [Careme (1991)].
Vehicle manufacturers focused on optimising the vehicle structure. One example was
General Motors, who introduced side guard door beams into their 1969 model vehicles.
It was claimed to increase the possibility of side swipes being redirected off the vehicle
rather than penetrating the door [Hedeen and Campbell (1969)]. Concurrently, other vehicle
manufacturers were developing concepts to improve latch and hinge strength of the door
in light of the FMVSS regulations and incorporating a horizontal beam inside the door to
reduce door intrusion. Several studies have evaluated the fleet-wide safety benefits associated
with door beams [Chi (1980); Jones (1977); Kahane (1982)] and the structure remains in
current vehicles. Additionally important in limiting occupant injury risk was the design of
door topography. Protuberances in door interior were shown to increase risk [Rouhana and
Kroell (1989)].
The initial FMVSS were upgraded in the following decades and tailored towards specific
collision configurations [NHTSA (1998)]. Compliance was compulsory if a vehicle was to
be sold in the US. Attaining to lateral impacts, specific tests were integrated which assessed
the vehicles static door strength and occupant injury risk during a dynamic barrier test. By
the mid-1990’s NHTSA had introduced the New Car Assessment Program (NCAP) parallel
to the FMVSS regulations. These would allow customers to compare the safety ratings of
competing vehicles under specific loading conditions. Each testing configuration required a
strong correlation with the real-world collision environment [Hackney and Quarles (1982)].
Not only is the loading case important to mirror real-world impacts but the dummy needs
to respond in a human-like manner. During collision it is necessary that the size and shape
of the dummy, referred to as anthropometry, provides an accurate representation of a mid-
sized human. The University of Michigan Transportation Research Institute have conducted
various studies to document the anthropometry of a midsize (50th percentile in stature and
5this third totalled 30,094 annual collisions for the 1995-2001 data, and of this two-thirds resulted from
nearside impact
6Adjusted Odds Ratio - 2.26 and 99% confidence intervals of 1.96–2.65
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weight) male occupant in an automotive seating posture [Robbins (1985); Schneider et al.
(1985)] and these are often used in crash tests. Initially, a lateral barrier-style impact was used
in the NCAP tests, one which was similar to the FMVSS 214 test, however conducted with a
greater collision speed7. The American protocols8 were upgraded to incorporate a lateral
vehicle-to-pole test into the assessment. Today other testing agencies, such as the Insurance
Institute for Highway Safety (IIHS) have their own testing criteria [O’Neill (2009)], as does
the European NCAP (Euro NCAP) [van Ratingen et al. (2016)] and other worldwide NCAP
agencies. One of the major differences in (lateral) barrier-style impacts between the European
and American protocols was the impact angle. In Europe, the barrier strikes the vehicle in
a purely lateral orientation, however in America the barrier strikes at a (crabbed) angle of
27°. The crabbed orientation of the barrier was intended to replicate collision loading of a
bullet vehicle travelling at 48kmh−1 before striking a target vehicle with an initial velocity
of 24kmh−1. Additional to these consumer tests is the compliance with FMVSS for America
vehicles, and EU Directives9 for European vehicles, pertaining to lateral impacts. Today
vehicles must comply with FMVSS214 and EU 96/27/EC specifications for America and
Europe. Dummy-based protection criterion limits are specified for each loading case.
The various impact tests may be categorised within a Controlled Collision Environment,
in that repeatability and reproducibility are assured. These should cross correlate with field
data in terms of consistencies between crash dummies-occupants and validation tests-real-
world MVC relationships. This relationship is illustrated in Figure 2.1. The different load
cases in the Controlled Collision Environment (barrier - with a deformable face, pole impacts
- rigid nature) present problems to vehicle safety engineers as they need to find a balance
between airbag deployment characteristics (for example, bag geometry or volume) which
will suffice for the different loading conditions.
During the phase-in period of the barrier impact tests (outlined in the initial FMVSS 214),
testing agencies indicated that manufacturers had significantly reduced dummy-based injury
metrics [Kahane (2007)]. Primary improvements were attributable to structural modifications
and the use of energy absorbing foam padding materials in the door [Kahane (1982, 1999,
2004, 2007)]. The piece was a thick plastic foam - not a soft pad [Kahane (1999)] and was an
attempt to promote early engagement with the door. In the late 1990’s, NHTSA investigated
aggressivity by mode of impact [Gabler and Hollowell (1998)]. They assessed fatality rates
for multi-vehicle collisions involving a standard passenger vehicle (car) and Light Truck
Vehicle (LTV) for frontal and lateral impacts. Figure 2.2 summarises the differences in
7NCAP barrier test with 61.9kmh−1, which is 8kmh−1 faster than the speed specified in FMVSS No. 214
(FMVSS 214)
8Both the FMVSS and US-NCAP - although at different times [Federal Register (2008, 2017)]
9UN Regulations closely mirror the EU Directives but only the Directives are compulsory
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Fig. 2.1 The manner in which vehicle platforms are assessed in the Controlled Collision
Environment should cross correlate with field data.
fatality rates experienced by the car occupant for the various impact modes and constellations.
The reader should note the significantly higher fatality rates associated for the (nearside)
driver when facing a lateral collision.
Fig. 2.2 Ratio of Fatally-Injured Drivers in different modes of LTV-to-Car Impacts. Analysis
queried data from the Fatality Analysis Reporting System (FARS) from 1992-96. Source:
[Gabler and Hollowell (1998)]
Additionally as important is the link between the crash dummy10 and occupant, and
how well the dummy’s response mirrors that of post mortem human subjects (PMHS)11
[Yoganandan and Pintar (2005)]. The dummy is a mechanical surrogate of the human and
10Also referred to as Anthropomorphic Test Devices (ATD)
11Termed biofidelic, derived from bio+fidelity
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they have been extensively used by the automotive industry to evaluate potential safety
benefits of restraint design (Nahum and Melvin, 2002, Chp.4). Families of various geometric
dummies have been developed since the initial Sierra Sam was created in 1949. They are
designed to replicate the kinematics and deformations of similarly sized humans that are
produced by vehicle deceleration and restraint system loading [Rupp et al. (2010)], and have
grown to be a widely accepted measurement tool in the Controlled Collision Environment.
They are able to take a crash response and directly translate it into an occupant injury risk
[O’Neill (2009)].
The Americans initiated side impact regulations and developed a Side Impact Dummy
(SID) with the capability of recording dummy-based acceleration injury data in the thoracic
region. The acceleration-based measures were similar to those used in frontal impacts. The
SID was capable of measuring the Thoracic Trauma Index (TTI) [Eppinger et al. (1984);
Morgan et al. (1986)]. This raised a certain level of concern within the biomechanics
community who were doubtful that the validity of acceleration-based measures for lateral
impacts was appropriate [O’Neill (2009)]. It was suggested that the serious internal thoracic
injuries would be assessed better by measuring rib compression [Kroell et al. (1971, 1974)]
and compression rates [Lau and Viano (1986); Viano et al. (1989a)]. Following the research
of Lao and Viano, in which they defined the Viscous Criterion (VC), was the European
market able to develop their own lateral impact specific dummy, the EuroSID. This dummy
had the capability of using VC as the stimulus for measuring injury risk.
During a lateral vehicle collision, chest and abdominal injuries occur when the stationary
occupant is “punched” by the encroaching door [Lau et al. (1991)]. Two important factors
for the occurrence of injuries in side impacts are the crash severity12 and intrusion [Danner
(1977); Hartemann et al. (1976); Jones (1982); Rouhana and Foster (1985)]. While post-
impact collapse of the B-pillar should be avoided at all costs [de Coo et al. (1991)], further
attempts to limit occupant exposure to the impact energy are needed. Concepts have attempted
to reduce door deformation as well as the door-to-occupant contact velocity. The previously
mentioned padding concept provided an earlier and longer door-to-occupant contact duration.
While the acceleration based injury metric (favoured in America) was reduced with the
padding, the deformation based VC and chest deflection increased, due to the prolonged
punch and increased transfer of net energy. Therefore, it was proposed that an inflatable
cushion13 be deployed between the occupant and the intruding door structure [Mellander et al.
12Impact severity is often described as the change of velocity, ∆v, resultant from the collision. More
specifically, it refers to absolute value in the change in velocity vector apparent at the vehicle’s centre of gravity.
It is generally represented as a kmh−1 value. In the realms of accident reconstruction, software codes have been
developed to calculate the value based on the collisions mass or velocity factors or resultant vehicle intrusion.
13Similar to traditional front airbag concepts
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(1989)]. The airbag can be developed such that it is physically softer than the human torso
to compensate for the prolonged door contact. An airbag could also be made thicker in the
chest area than padding [Haland and Pipkorn (1996)]. This would increase the possibility to
move the occupant laterally in-board before the deformation based values reach their maxima.
Haland and Pipkorn found that with the combination of an airbag in the chest/abdominal area
and thick soft padding in the pelvic/thigh area, a considerable improvement to model’s risk of
thoracic injury was achieved for a given load case [Haland and Pipkorn (1996)]. Numerical
simulation was later integrated to assess the effectiveness of a 12L airbag, designed to cover
the occupant’s chest and abdomen region. It was demonstrated that an additional benefit
through the means of reduced injury metrics was provided by the deployed unit [Pipkorn
(2000)]. Additional research has indicated that the supplementary benefit is provided to
model-based14 body regions when the unit deploys [Hayashi et al. (2008, 2006); Luzon-Narro
et al. (2014); Shaw et al. (2014); Tanaka et al. (2013); Viano and Parenteau (2015)].
2.2 Renaissance of the side airbag
Parallel to the period when side airbags (SAB) were being proposed as a supplementary
measure to provide protection to the occupant, it was becoming apparent that deploying
frontal airbags were causing deaths and serious injuries in some low severity vehicle collisions.
A series of reports accumulated throughout the 1990’s documented traumatic injury risk to
pediatric, small female, and out-of-position (OOP) occupants [Kindelberger et al. (2001);
Kleinberger and Summers (1997)]. Consequently, a new series of testing regulations were
implemented, which saw the depowering of the frontal airbags. Validation and effectiveness
studies continue to this day, for example refer to the comprehensive literature review of
frontal airbags in Kent et al. (2005b). No vehicle safety technology has been studied and
researched more than vehicle airbags [O’Neill (2006)].
Returning to the SABs, the technology was introduced into the vehicle fleet by Volvo
in 1995 [Pilhall et al. (1994)] and has since become a standard safety feature in most new
vehicles [(Viano and Parenteau, 2015, Fig 1. adopted from www.IIHS.org)]. Their functional
requirements allowed the units to:
• attenuate and distribute forces on the chest and abdomen from,
• dissipating impact energy associated with,
• move the occupant away from,
14Either with crash dummies, MADYMO models or Human Body Models (HBM)
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the intruding structure [Braver and Kyrychenko (2004); Haland and Pipkorn (1996); Pipkorn
et al. (2014)]. The deployed airbag needs to be softer than the human torso to compensate
for the prolonged door contact. The use of the airbag is more viable than softening the door
padding. When deployed it should engage some load-bearing structure of the occupant (for
example, shoulder or pelvis). It was proposed that a ventilation system would suffice to
ensure a soft airbag. Crash tests demonstrated that ventilation of the airbag resulted in lower
dummy injury metrics compared to equivalent tests without airbag ventilation [Haland and
Pipkorn (1996)]. The ventilation can be governed by permutation of the airbag material or
the design of ventilation holes. Both measures control the particle mass flow rate out of the
airbag. Primarily, the airbag should inflate and bridge the gap between the occupant and
door.
As the interior structure intrudes, the mass flow out of the bag should govern the dissipa-
tion and distribution of the impacting load and move the occupant away. Consequently, the
airbag facilitates a dampening or cushioning effect over the occupant.
First consider a recent research piece to illustrate these fundamental principles15.
Kim et al., (2016) compared the biofidelic16 response of different crash dummies in
relation to a series of cadaver impact tests [Kim et al. (2016)]. Their study conducted tests
with and without deployed tSABs17 and illustrated the so called dampening effect over the
thoracic region in a experimental domain. Indicated in Figure 2.3 is the cadaver’s thoracic
response (grey corridor) to impact. The red and purple lines are the thoracic response
recorded by different crash dummies.
The figure on the left represents load cases without the deployed tSAB and on the right
were conditions with the deployed tSAB. At first, the general response of the two loading
conditions was compared. Without the tSAB the thorax was exposed to a peak loading of
1.5kN at 40ms. On the other hand, when the tSAB deploys it introduced more energy yet
loading was applied over a longer duration and the maximum load was less (1kN at 60ms).
This depicts the so called dampening effect of the airbag. Under these loading conditions, it
suggests that the deploying tSAB is capable of reducing thoracic loading by 0.5kN, however
one must treat the following results with a grain of salt given the exaggerated airbag volume.
It was clear that the dummy responses for the test without the tSAB yielded much more
biofidelic behaviour (in comparison with the cadaver response) than the scenario with the
deployed tSAB. What must be understood is the fact that this passive safety technology
increases the amount of energy that can be dissipated during the collision [Nirula and Pintar
15The more recent literature presented results and graphs with better image resolution.
16Term derived from bio+fedelity, and is termed when the response of the dummy matches the human
subject [Yoganandan and Pintar (2005)]
17Despite using an airbag with a fully deflated volume of 42l
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Fig. 2.3 Thoracic loading resultant from impact tests with cadaver specimens and crash
dummies. The grey bands show the corridor of thoracic response from a series of impact
tests. Loading was repeated with crash dummies and is shown in red and purple. Loading
conditions on the left where those obtained without tSAB deployment (d) and those on the
left with (c). Source: [Kim et al. (2016)]
(2008)]. The initial airbag system integrated into the first Volvo vehicles housed the airbag
capsule in the seat back - placing it within close proximity to the occupant. Figure 2.4 shows
a typical seat-integrated SAB deployed at maximum inflation.
Fig. 2.4 A typical seat-embedded
tSAB which would deploy in the
event of a lateral collision. Source:
[Volkswagen (2013)]
With the potential for rapid growth into the mar-
ket, scientists realised the need to minimise occupant
injury risk resulting from SAB deployment. As with any
inflatable restraint system, injury risk is inherent with
tSABs [Lund (2000)]. A series of cadaver tests assessed
occupant susceptibility to injury during static and dy-
namic tests, yet focused more attention on arm injuries
in the event of interaction with the armrest [Kallieris
et al. (1997); Schroeder et al. (1998); Sokol Jaffredo
et al. (1998)]. A set of industry-accepted OOP test
protocols were defined to assess the risk of injury asso-
ciated with vulnerable oriented occupants during side
airbag deployment. Emphasis was placed on assessing
head and thorax injuries [Lund (2000)]. These proto-
cols, which evolved from frontal airbag testing methods,
assess injury risk to paediatric and small female occu-
pants subjected to SAB deployment in stationary test
conditions. Manufacturer compliance is only encouraged.
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By the early-to-mid 2000s vehicle manufacturers had integrated SAB systems into their
vehicles with divergent concepts. Some allowed for the initial seat embedded systems, while
others integrated the unit into the door trim. With the inauguration of OOP SAB tests, it was
indicated that these systems housed within the door cavity presented heightened injury risks
under given OOP-test scenarios [Yoganandan et al. (2007)]. Additionally, full coverage to
specific body regions provided by the deployed units could not be assured for all seat track
positions. Therefore, this system was phased out in favour of the seat embedded systems. The
SAB unit has undergone a series of geometric changes whereby units of different volumes,
and consequently levels of occupant coverage, have been integrated into the fleet. SABs now
exist in three primary configurations: head, torso, and head and torso (combination) airbags
[Griffin et al. (2012)].
Fig. 2.5 The coupled seat-embedded and roof
curtain airbags which deploy in the major-
ity of new vehicles in the event of a lateral
collision. Source: [Volkswagen (2013)]
The torso side airbag may be further
stratified into smaller thorax bags or larger
pelvis/thorax bags [Balavich et al. (2011)].
Combination airbags were initially single
units of larger volume designed to cover the
thorax and head, but they became less promi-
nent since the introduction of separate head
curtain airbags. BMW introduced an inflat-
able tubular structure into their vehicles to
prevent head contact against the nearside win-
dow [Kompass et al. (1998)], which later
evolved into curtain airbags deploying from
the vehicle roof. Although it was one of the
first concepts to provide supplementary head
protection, the tubular structure was only used
in the late 1990 model vehicles. For litigation reasons (as deployment may potentially induce
carotid artery tear) it was less favoured in comparison to the curtain system. The current trend
is to couple the curtain airbags systems with the seat-embedded thoracic airbag. Figure 2.5
shows the fully deployed SAB system, the seat-embedded thorax unit and the curtain airbag
which deploys from the roof. The SAB concept has almost become a standard safety feature
in all new vehicles [(Viano and Parenteau, 2015, Fig 1. adopted from www.IIHS.org)].
The airbag systems designed to provide supplementary head protection were introduced
some years after the thoracic systems. They began to appear in vehicles during the period
where the lateral pole impact was being proposed and initial experimental tests were con-
ducted by testing agencies. Lateral impacts with narrow objects subject the side of the vehicle
15
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to highly concentrated loading that is difficult to resist. In Europe, the impact reference line
for the oblique pole impact is in line with the head of the dummy [Euro NCAP (2015)].
Given the highly localised loading nature of the pole test and the greater market presence of
SABs around the time of the pole test, it suggests that the load case necessitates the need for
SABs.
During the development and initial testing of the thoracic SABs, significant consideration
was given to defining a stable deployment-decision algorithm. An undeformed part of the
car would not undergo motion until 7-10 ms after initial vehicle-vehicle interaction [Friedel
(1988)]. To achieve the aforementioned premises, the airbag must be fully inflated within 10-
12 ms, while there is about 100 mm clearance between the door inner wall and the occupant’s
chest [Haland and Pipkorn (1996)]. Door-interior to dummy (or occupant) torso clearance
was documented to be 150mm [Tencer et al. (2005a)]. Using gas generator inflation devices,
a 12L airbag would be inflated within 7-8 ms. Therefore, the triggering algorithm must
decide if firing is appropriate within 2-5 ms after the initial impact. Figure 2.6 demonstrates
the timeline of a vehicle-vehicle lateral collision with the time intervals for the various phases
of SAB deployment. The reader must note that the airbag used in the Kim et al, (2016)18
was 45l and thus yielded no field relevance to those used in current vehicles.
Fig. 2.6 Typical sensing and deployment durations required for a lateral impact. Source:
[Volkswagen (2013)]
18as used in Figure 2.3
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Early vehicle models used pressure sensors built within the door cavity to detect crash
pulses. These would indirectly measure the deformation of the door. With fast deformation
of the door, air pressure in the door cavity is increased in an adiabatic manner and algorithms
can predict if the pulse is representative of a vehicle-vehicle or vehicle-fixed object inter-
action [Adam et al. (2002)]. Sensor technology has since been developed to integrate both
pressure and acceleration sensors into the vehicle structure to assist the deployment decision
algorithms [Winkler et al. (2003)]. The reasoning is twofold: for better discrimination
between frontal/oblique tests and to eliminate the false non-fire cases.
The peak internal pressure in the airbag (of the first models) during the break-out phase,
ignoring any ventilation, was documented to be 140 kPa [Haland and Pipkorn (1996)]. Two
examples help to put this pressure in perspective: peak air bag pressure is approximately half
the inflation pressure of a typical automobile tire and about twice the inflation pressure of a
regulation basketball. Therefore, complex ventilation is required to minimise unintentional
injury risk from this extra injection of energy.
The performance of the frontal airbags can be assessed using a multitude of metrics, which
are sensitive to many factors and are influenced by many confounders [Kent et al. (2005b)].
It is thought that similar sensitivity is associated with the SAB [Hallman et al. (2009c)].
Specifically governing inflation behaviour many parameters influence the deployment process,
not limited to inflator gas composition, direction of gas release, airbag material, bag geometry
and volume, stowage folding pattern, location and area of vent holes, and ambient conditions
[Hallman et al. (2009c)]. Diversity of SAB designs is much more pronounced than that of
frontal airbags where it was demonstrated that deployment durations and forces have varied
across units from different manufacturers/designs [Balavich et al. (2011); Hallman et al.
(2009b)].
The media has portrayed the importance of climate fluctuations in inflator integrity. For
given chemical compounds, exposure to tropical climate can influence the inflator’s behav-
ior19. Despite the range of units available in the vehicle fleet, case studies, which identified
heightened injury risk from frontal airbag deployment in the 1990s, have not yet identified
consistent OOP injury patterns resulting from SAB deployment [Baur et al. (2000); Dalmotas
et al. (2001); Kirk and Morris (2003); Weber et al. (2004)]. Yet, preliminary epidemiological
analysis using an American MVC database was not conclusive of a supplementary benefit
19However this issue has a greater association with frontal airbags, however may be confounded due to the
fact they have been longer in the field. For example:
"https://www.usnews.com/news/business/articles/2016-04-13/air-bag-danger-us-counts-85m-unrecalled-
takata-inflators"
"http://blog.caranddriver.com/massive-takata-airbag-recall-everything-you-need-to-know-including-full-list-
of-affected-vehicles/"
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associated with thoracic airbag deployment in the real-world. It concluded by calling upon
more rigorous statistical-analysis to be carried out [Yoganandan et al. (2005)]
Although introduced almost two decades ago, it has been predicted that three decades are
needed for a specific safety technology to fitted to 95% of the vehicle fleet [IIHS (2012)].
Given the lack of sufficient data in MVC databases, one’s ability to obtain reliable estimations
of the benefit associated with new innovative safety systems is often hampered [Fildes et al.
(2013)]. Only now, as the presence of SABs in the vehicle fleet become more prominent, can
more reliable efficacy estimations be obtained.
2.3 Side Airbag Accidentology
In the immediate aftermath of a decade torn by war, John E Gordon investigated the preva-
lence of accidents as an ecological problem and proposed broad biologic principles could be
employed to interpret the occurrence of injuries [Gordon (1949)]. The principles, referred to
by Gordon, had long been applied within the disease research envelope. His work, which
was published in a time which saw unequivocal advancements in the control of infections,
went on to say that injuries, as they affect people, could be profitability approached through
epidemiological research methods. Additionally, he noted that a wide range of conditions
commonly contribute to the prevalence of an injury, and the success of a control program
depends on identifying the paramount conditions within the population. Extending upon the
work of Gordon, the automotive industry has adopted epidemiological research methods to
investigate the occurrence of injuries20. A series of in-depth MVC databases from Europe
and America were reviewed to evaluate the research objectives outlined in Section 1.3.
Retrospective MVC databases used for evaluation
To detailed MVC databases which were used in the thesis were the American National
Automotive Sampling System - Crashworthiness Data System (NASS-CDS) and the German
In-Depth-Accident Study (GIDAS). Both of these databases are referred to as In-Depth as
they include information pertaining to the occupant, vehicle, crash and environment for each
MVC. Each have sampling criteria which slightly differs.
The GIDAS project investigates traffic accidents in the Dresden and Hanover regions.
Criteria for inclusion in the database are for the police to report any form of traffic accident
in which they deem an individual injured [Otte et al. (2003)]. Around 2,000 accidents
involving various traffic participants (vehicle occupants, pedestrians, cyclists, etc.) are
20Often termed accidentology [Bendjellal et al. (1997); Maquet (1987)]
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recorded annually in a statistical random procedure representative of the national accident
statistic [Pfeiffer and Schmidt (2006)].
On the other hand, case requirement in NASS-CDS MVC must necessitate a police report
involving a harmful event (property damage and/or personal injury) resulting from the impact
and involve at least one late-model towed passenger car or light truck or van in transport on
a traffic way [NHTSA (2015a)]. The NASS-CDS differs in that a MVC whereby no injury
was incurred may be investigated. An additional benefit associated with NASS-CDS is that
a complex projection method to adjust for the under-reporting of the less severe MVC has
been developed such that each MVC can be weighted to a national estimate [Zhang and Chen
(2013)].
A short word on injury aggregation
During the analysis of real-world MVC, the aggregation of injuries sustained by the occupant
needs to be taken into consideration. Collision databases regularly record injuries sustained to
the occupant according the Abbreviated Injury Score (AIS). Injuries are ranked on an ordinal
scale from 1-6 to represent the threat to life associated with the injury. An Maximum AIS1
(MAIS) coded injury has almost zero, MAIS3 4.2%, MAIS4 15% and MAIS6 maximum
mortality rate (O’Brien, 2010, p.50). The first version of the scaling system was released in
1969 [States (1969)] and the major updates were made in the succeeding decades with the
AIS98 and AIS08 [AAAM (1998, 2008)]. These updates were those commonly found in
modern MVC databases.
The Injury Severity Score (ISS) is another way in which injuries can be aggregated.
Kononen et al., (2011) suggested that the ISS was considered a more clinically reliable
indicator of injury than those attributed to a single (presumably most severe) coded injury
using the Abbreviated Injury Scale (AIS) [Kononen et al. (2011)]. Although the ISS requires
the specific AIS codes, the injury coding system calculates severity values based on the
sum of the squares of the three most significant (body region specific) injuries [Baker et al.
(1974)]. An ISS=2 injury is equivalent to an AIS1 injury.
Literature review
Often in MVC research, it is desired to estimate the association between an exposure variable,
such as use of seat belts, and an outcome, such as fatality [Cummings et al. (2002, 2003)].
One popular method is to match subjects on a series of confounders so that a comparable risk
can be determined which is dependent on specific collision factors, such as vehicle speed.
Therefore, for the scope of this document, the introduction of SAB into the vehicle fleet can
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be viewed as the control program and their success is measured by their ability to prevent
injury. The following section summarises the body of literature which has evaluated the
effectiveness of the SAB to prevent occupant injury.
From a European perspective, it was demonstrated that nearside occupant protection in a
lateral impact has improved by 70 percent for current Volvo model vehicles in relation to
those from the early 1990s [Jakobsson et al. (2010)]. The authors claimed that the structural
changes and the integration of torso side airbags (tSAB) and head curtain side airbags
(hSAB) are the catalysts through which the benefit has been achieved. Similarly, a study of
Swedish MVCs indicated that the current SAB systems, namely the tSABs (with or without
hSAB), reduce the overall occupant injury risk in side impact [Stigson and Kullgren (2011)].
Additionally, when research focused more exclusively on the thoracic region, statistically
non-significant reductions for the risk of moderate and serious thoracic injury was obtained
for SAB equipped vehicles [Page et al. (2006)].
More research has used American MVC data to evaluate occupant injury risk. A retro-
spective study of the American collision scene demonstrated a strong reduction in fatality
risk for cars equipped with head/torso side airbags and to a lesser extent those with torso-only
side airbags relative to cars without any SAB system [Braver and Kyrychenko (2004)]. The
methodology was extended in a supplementary research piece and yielded results - both
nearside struck occupants in passenger vehicles and SUVs had lower fatality risk when their
vehicles were fitted with a SAB system [McCartt and Kyrychenko (2007)]. For vehicles
with a hSAB, fatality risk was reduced by 37 and 52% in car and SUV drivers, while for
vehicles with a tSAB fatality risks reduced by 26 and 37%, respectively. A NHTSA study
reported that tSAB coupled with hSAB reduced the fatality risk for nearside occupants by
24% [Kahane (2007)]. Also with respect to fatal injuries, a 16% reduction value was obtained
for vehicles with tSAB in near side collisions, while this value increased to 33% for hSAB
[Lange et al. (2011)].
An Australian study of an insurance database reported that the sole deployment of
the tSAB did not substantially reduce the risk of death or injury for all body regions or
head/face/neck/chest/abdominal injuries with occupants exposed to the deployed unit [D’Elia
et al. (2013)].
These studies focused more on overall injury incurred by the occupant and did not
exclusively investigate the thorax.
When looking more locally at injured body regions, a study of occupants transported
to level one trauma centres, demonstrated that the deployed SAB reduced the occurrences
and severity of head and face, neck and cervical spine, and thoracic injuries [Loftis et al.
(2011)]. The authors developed a statistical model to predict injury and results indicated
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that the tSAB was statistically significant in reducing thoracic and neck/cervical spine injury
severity. However, McGwin and colleagues found similar injury risks for front seat, nearside
occupants of vehicles with and without SAB for overall occupant injury [McGwin Jr et al.
(2003b)]. This study was limited in that tSAB availability could not be confirmed and thus a
study was refined some years later by the same authors. It was demonstrated that occupants
exposed to a deployed tSAB were at equal risk of MAIS2+ thoracic injury in a nearside
collision (Griffin et al., 2012, Table 2+3.). The authors additionally indicated that the senior
population were at a greater risk of thoracic injury when exposed to tSAB deployment
however those aged between 25-49 yielded a tSAB-associated benefit (Griffin et al., 2012,
Table 4). It was also reported that a strong protective effect existed which was associated
with the head-protecting side airbags and head MAIS2+ injury (Griffin et al., 2012, Table
2+4).
Although limited and at times contradicting, the research highlighted shades of con-
sistencies. The presence of the passive safety system in the vehicle fleet along with the
improved structural rigidity has improved the vehicle’s self-protection in the event of a lateral
impact. The curtain airbag, protecting the occupant’s head, was associated with a reduced
risk of serious and fatal head injuries. Yet, the ability of the thoracic side airbag to provide
a supplementary benefit to the occupants thoracic region has not been conclusive. The gap
in the current body of knowledge originates from increased (lateral) structural rigidity not
being accounted for in the previous studies. Thus, true efficacy can only be estimated once
this has been considered. Additionally, the increased stiffness of the striking vehicle needs to
be accounted for. This forms the motivation for the remainder of the research investigated.
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Chapter 3
Preliminary Statistical Analysis
3.1 Introduction
Prior to predicting any benefit estimations associated with the tSAB, it was essential to
first understand the existing situation in the vehicle collision environment and identify any
shifting patterns. A series of in-depth MVC databases from Europe and America were
reviewed to further our understanding of structural changes and crashworthiness trends
attaining to lateral impacts and any confounding behaviour. The use of such data is preferred
to the abundant, yet elementary information available in national accident statistics [Farmer
(2003)]. Although the proceeding section was retrospective, it does however, provide the
most appropriate manner to identify any shifts or trends. Any event recorded in the MVC
database are real-world events21. Any analysis is based on actual field data and was not
vulnerable to model assumptions that emerge when using numerical simulation.
The vehicle fleet has gradually become heavier and stiffer as a function of vehicle design
year [Esfahani et al. (2011); Swanson et al. (2003)]. Reasoning for stiffer vehicles may
be attributable to more diversified self-protection requirements. Likewise, the trend to
integrate more luxurious vehicles into the fleet, larger engines and shift from car to SUV
vehicles have contributed to the increased fleet weight. Nonetheless, safer vehicles have
been continuously developed. A 2016 study of GIDAS data showed a sharp decline in
occupants incurring moderate injury (MAIS2+)22 to either the head/face or thorax regions23
as a function of vehicle year [Gaylor et al. (2016)]. Given the sampling criteria of GIDAS,
the probability that an occupant incurred injury was determined by dividing the number of
21Not experiments - as nothing was controlled
22The nomenclature MAIS 2+ describes a Maximum AIS injury with an score of two or greater. However, it
does not include injuries with an AIS score of 9 as these injuries are of an unspecified nature [AAAM (1998)]
23These two body regions were identified as being most susceptible to injury in the 1980s [Dalmotas (1980)]
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Fig. 3.1 Changes in vehicle crashworthiness (rate of injury) per design year, obtained from
GIDAS data. The point estimates, 95% confidence intervals and trend lines are shown for
MAIS2+ and 3+ injuries. The estimates account for exposure through predicted vehicle
mileage at age of collision [infas (2010)]. Source: [Gaylor et al. (2016)].
occupants with a particular injury by the number of occupants with known injury status. The
model was adjusted for exposure by considering predicted mileage given vehicle age. Figure
3.1 demonstrates the downwards trend in the prevalence of injury. Although the study did not
exclusively focus on a given impact constellation, it was assumed that the crashworthiness
improvements are mirrored for all collision directions (frontal, side and rear). The gradual
improvement of fleet safety has been echoed in other reviews of MVC data [Ryb et al. (2011);
Thomas (2013)].
More recently various retrospective studies of lateral collisions have shown the com-
plexities of injury potential attaining to the collision constellation, occupant and vehicle
design parameters. Established variables within collision constellation envelope include the
approach velocity of the striking vehicle, the masses of both vehicles, the angle of impact
[Dakin et al. (2003); Terrell et al. (2001)], the front end stiffness of the bullet vehicle [Terrell
et al. (2001)], the deformation pattern of the door [Rattenbury et al. (2003)], presence of a
neighbouring passenger [Stigson and Kullgren (2011); Sunnevang et al. (2015)].
Parameters pertaining to the occupant age [Austin and Faigin (2003); Farmer et al.
(1997)], stature [Dakin et al. (2003); Samaha and Elliott (2003); Wang et al. (2016)] and
pre-crash orientation [Donlon et al. (2015); Gierczycka and Cronin (2017); Gierczycka et al.
(2016)], and factors related to vehicle design include dynamic velocity of the door at point
of occupant interaction [Kent and Crandall (2003); Sunnevang et al. (2010); Tencer et al.
(2005b)], amount of occupant to door clearance [Crandall and Pilkey (1999)], and centre
console protuberances [Tencer et al. (2005b)].
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In spite of the aforementioned research, the chapter poses a set of elementary research
questions to gauge the level of creditability attributable to the databases used in the thesis24.
These relate to investigating the influence of the bullet and target vehicle in lateral impacts:
• Target Vehicles: The lateral stiffness has continuously increased and as such, for a
given collision severity, a newer target vehicle will undergo less intrusion than a similar
older vehicle.
• Bullet Vehicles: The longitudinal stiffness has continuously increased and as such, for
a given collision severity, a newer bullet vehicle will impose greater intrusion than a
similar older vehicle.
• Due to the afformentioned changes associated with early and late model vehicles,
certain impact constellations may induce a more injurous environment than others.
And in terms of the uptake of active safety systems25 within the fleet:
• Their prevalence has changed the traditional collision environment
The chapter concludes with an elementary investigation into the correlation of greater
exposure to energy and increased injury risk that was mentioned in Chapter 126.
3.2 Elementary Research Question: Do newer target vehi-
cles limit intrusion?
Lee at al., extrapolated lateral stiffness values associated with the vehicle fleet and indicated
a linear trend over the last three decades [Lee et al. (2014)]. This increase was attributable
to optimised vehicle design structure27 and advanced metallurgy techniques (for example
[Leggatt (2008)] and [Eller et al. (2014)]). Thus, for a given amount of energy, it may be
assumed that newer vehicles are more resistant to lateral intrusion. The following section
attempts to identify if such an effect was apparent in real-world vehicles. The sole focus was
to isolate a vehicle structural affect resonating from vehicle-vehicle collisions, independent
of any medical or occupant data. Recall that each traditional vehicle-vehicle lateral collision
24MVC from the German and American collision fleets will be assessed by GIDAS and NASS-CDS data,
respectively
25As mentioned in Chapter 1, active safety attempts to avoid or mitigate the collision from occurring
26Institute of Medicine & National Research Council (1985)
27Additional structural support has been integrated into the vehicle chassis to account for the rigours of lateral
collisions. This was not limited to the addition of the crash cube parallel to the window sill, seat cross-member
reinforcements, strengthening of the B-pillar and sills as well as a deformable transmission tunnel.
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consists of one bullet and one target party, respectively. Such that, if one were to hold the
design year of the bullet vehicle and the collision severity fixed, one may assess if a difference
in target vehicle intrusion becomes apparent. A process of matching similar collisions was
undertaken whereby each target vehicle (struck by a bullet vehicle, of x collision severity),
sought to be matched to an equivalent target vehicle.
Matching is a statistical technique which is commonly used within the epidemiology
envelope to evaluate the effect of a treatment program. It compares the treated and the
non-treated units in an observational study, or the influence of exposure on a given outcome
in a cohort study [Keogh and Cox (2014)]. The goal when matching is to take each treated or
exposed case and find one (or more) non-treated/non-exposed unit(s) with similar character-
istics. By matching treated units to similar non-treated units, matching enables a comparison
of outcomes and consequently leads to an estimated effectiveness of the treatment program.
In the specific example we relate the theory to the matching of similar vehicle collisions.
Equivalence of matched pairs was defined such that bullet vehicle and collision energy was
held fixed, however the target vehicle design years differed in addition to a series of collision
specific confounding factors.
The collision severity was described by the lateral impact speed [Sunnevang et al.
(2010)]28:
Lateral impact speed = |∆vlat |× (1+ mtargetmbullet ) (3.1)
The matching of similar collisions sufficed if, and only if, the vehicle year of the target
vehicles (from the separate collisions) was not ±1 year and:
• Manufacture of the target vehicle was the same
• Type of target vehicle was the same29
• Type of bullet vehicle was the same
• Vehicle year of the bullet was ±1 year
• Lateral impact speed was ±5kmh−1
• Collision weighting factor was <250030.
28Previous research has used the target vehicle’s lateral ∆v, ∆vLAT to describe the cumulative MAIS distribu-
tion for side collisions [Arbelaez et al. (2005)] and the impact severity of a car-car side collision [Sunnevang
et al. (2010)] and it was deemed the most appropriate measure of collision severity.
29For example, passenger vehicle, SUV, LTV, etc.
30As indicated by [Ma et al. (2013)], matching which accounted for sampling weight ensured equally severe
MVC were matched and allowed the analysis of raw events
26
3.2 Elementary Research Question One
Thus, it was seen that each matched (vehicle collision) pair consisted of a newer and older
target vehicle involved in a similar MVC. When consolidated, traditional statistical tests
could be applied to the sample. In that manner, one could determine if the amount of static
lateral intrusion differed between the newer and older vehicles. The degree of intrusion was
identified by the Extent of Damage (EoD) value associated with the Collision Deformation
Code (CDC) [SAE (1980)]31. Given the nominal nature of the EoD groups, a non-parametric
Wilcoxon signed-rank test [Wilcoxon (1945)] was implemented to compare differences in
median intrusion for the matched collisions. The non-parametric statistical hypothesis test
was used to assess whether their population median ranks differ (between the EoDolder and
EoDnewer)32. The null hypothesis was defined such that the EoD associated with the older
struck vehicle was greater than or equal to the newer vehicle:
• H0 : EoDolder ≥ EoDnewer
A small p-value would provide reason to reject the null hypothesis in favour of the
alternative (Ha : EoDolder < EoDnewer). Pairs of collisions were then separated into intervals
of impact velocity to identify at what severities the effect was most apparent.
For the hypothesis at hand, NASS-CDS data for calendar years 1999–2014 were used
to isolate lateral vehicle-vehicle collisions involving modern33 target vehicles. The study
included all laterally struck passenger vehicles, regardless if the occupant was seated near or
farside, identified with a Principal Direction of Force (PDOF) 2–4 or 8–10 and occupants
had to be aged 16–67 years old. Those aged greater than 67 were excluded as seniors were
shown to have an overrepresentation in vehicle collision databases, especially attaining to
lateral impacts [Ridella et al. (2012)]. Their greater prevalence in the database may have
embedded a confounding bias element34. The target vehicle had to be struck orthogonal to
the occupant compartment 35 and the collision had to undergo full investigation36. Figure 3.2
demonstrates how by applying certain filters to a data, the number of cases reduces. A total
31The EoD is recorded in the seventh column of the CDC. It is a somewhat qualitative measurement of
damage recorded by the crash investigator. The vehicle is divided into nine zones of damage. Laterally, a
penetration extent of 1 is associated with minimal penetration (not exceeding side window width) and a score
of nine represents damage penetrating the entire width of the vehicle.
32The test can be used as an alternative to the paired Student’s t-test when the assumption of normality may
not apply
33Modern target vehicles were defined according to their US-NCAP compliancy. All vehicles with model
years exceeding 1998, and thus designed to federal regulations and consumer testing were defined as modern.
The model year was identified through the Vehicle Identification Number (VIN)
34Discussed further in Chapter 4 and 5
35Lateral impact zone D, P, Y, Z also attained from the CDC
36NHTSA upgraded sampling criteria in 2010 such that full data collection was limited to newer model year
(<10 years) vehicles [NHTSA (2015a)].
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4,257
Target Vehicle Model Year >1998
Lateral Impact (PDOF2–4, 8–10)
3,057 Vehicle-Vehicle Collisions
2,567 15 < Occupant Age< 67
1,872
Impact parallel to passenger
compartment
1,758 Collision underwent full investigation
1,611 EoD not missing
Fig. 3.2 Inclusion criteria used in NASS-CDS for collision years 1999–2014.
of 1611 relevant struck vehicles were obtained from the database and each of these sought to
be matched to a similar target vehicle involved in a similar MVC.
Results
A total of 158 pairs of similar collisions were obtained whereby the vehicle year of the target
vehicle differed. Of the 158 pairs, 34 pairs saw the newer target vehicle experience more
intrusion than the older, 68 saw both vehicles undergo equal intrusion and in 56 instances the
newer target vehicle underwent less intrusion. A Wilcoxon signed-rank test indicated that
for the range of collisions, a newer struck vehicle experienced statistically significant less
intrusion than a similar older vehicle (Z=1515, p=0.011); although median intrusion was the
same (EoDolder = 2; EoDnewer = 2). Table 3.1 isolates the effect for different intervals of
impact velocity. Results indicate the effect was most apparent within the (40−60]kmh−1
impact velocity interval.
Discussion
Despite median values of EoD not substantially differing between the groups of vehicle age,
statistical significant results were still obtained. Intrusion had a central tendency about an
EoD of 2, however the distribution and range must have substantially differed (namely in
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Table 3.1 Do newer vehicles undergo equal or greater intrusion? Summarised by the Wilcoxon
signed-rank test. Median EoD values are reported within cohort of older and newer vehicles.
Imp.Vel
(kmh−1) n Z p-value Decision
˜EoDOLDER ˜EoDNEWER
[20-40] 38 74 0.295 Cannot reject null 2 2
(40-60] 87 472.5 0.019 Reject null 2 2
(60-100] 33 81 0.175 Cannot reject null 3 2
the (40−60]kmh−1 interval) given the small p-value. The increasing lateral stiffness of the
vehicle fleet has been well documented in literature and it was encouraging that the results
indicated that newer vehicles demonstrated a greater resistance to lateral intrusion.
Fig. 3.3 Geometric changes in the Volk-
swagen Golf’s door-impact-beam. The
cyan shaded regions represent the orien-
tation of the impact beam for the a)- Golf
IV, b)- Golf V, c)- Golf VI, d)- Golf VII
When reviewing the Rescue Data Sheets asso-
ciated with succeeding Volkswagen Golf models,
it becomes obvious that the design orientations of
the door impact beam has changed between vehi-
cle model generations, see Figure 3.3 (the cyan
shaded regions represent the stiff impact beams).
The results obtained from the data at hand sug-
gests that these orientation changes, most likely
optimisations, have resulted in vehicles becoming
more resistant to intrusion.
Within the (40− 60]kmh−1 impact velocity
interval, the effect was most apparent. It may be
assumed that impacts of such severity are equiv-
alent to those used in federal regulations and con-
sumer testing. Given such, it may be assumed
that any of the current design paradigms37 have
been optimised towards regulatory and consumer-
information testing severities.
Although the results indicated that the extent
of lateral intrusion was less for a newer struck ve-
hicle, the retrospective nature of the analysis only
allowed for the residual intrusion to be compared.
As stated in Section 2.1, it was the dynamic loading/punching phenomenon which causes
chest and abdominal injury during a near-side impact [Lau et al. (1991)]. Unfortunately,
37As noted in footnote 27
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the dynamic nature of the intruding door cannot be investigated from the in-depth MVC
databases. The velocity of the intruding door remains a topic of interest following a collision
research piece from Volvo. They conducted crash tests using two 1992 and 2008 model
vehicles in a traditional barrier impact style collision [Sunnevang et al. (2010)]. Results
indicated that although the residual intrusion was decreased from 410mm to 250mm for
the newer struck vehicle, the door velocity at the time of occupant loading was similar.
The reader will recall from the crash compatibility section of Chapter 2, that the velocity
of the intruding door is governed by stiffness ratio of the two colliding vehicles [Careme
(1991)]. Therefore, it was imperative that one investigates the influence of the bullet vehicle
in traditional vehicle-vehicle orthogonal impacts.
3.3 Elementary Research Question Two: Do newer bullet
vehicles impose greater intrusion onto their target ve-
hicles?
A vehicle’s fuel use is related to its speed, coefficient of drag, frontal cross section, tires,
driver attitude and of course mass. During the 1970s, US congress passed a bill which aimed
to reduce the US’ dependency on imported oil. They targeted the automotive industry by
implementing the Corporate Average Fuel Economy (CAFE) which required manufacturer
compliance with a sales-average fuel use relationship (Evans, 2004, Chp.4). Thus, vehicle
manufacturers were required to design vehicle fleets which were both fuel efficient and
strong.
Vehicle manufacturers consequently searched for ideas of ingenuity to reduce fleet weight.
By eliminating xkg from the vehicle chassis, one may have been able to obtain better mileage
stickers and lower the most dynamic cost-aspect of vehicle ownership. The integration of high
strength steels and aluminium alloys into the vehicle chassis have been an effective manner
in which manufacturers responded. However, as a result vehicle longitudinal stiffness has
increased more rapidly than in the lateral orientation [Esfahani et al. (2011); Swanson et al.
(2003)]. This has been further compounded by the fact the US NCAP frontal test is conducted
at a velocity greater than the FMVSS regulation38 [NHTSA (2012b)]. Additionally, other
frontal impact rating programs, such as those tested by Euro NCAP and IIHS only engage
one of the longitudinal members [O’Neill (2009); van Ratingen et al. (2016)]. Consequently,
the single loading member must absorb all of the impacting energy.
388km/h more
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Additionally, developments in the vehicle’s front end has been achieved over the past few
decades. In response to a load case which involved minimising vehicle repair costs following
a light collision, a crash box was integrated between the traditional longitudinal and cross
beam members39. Given the optimisation of the frontal vehicle structure, it was hypothesised
that, the increase in bullet vehicle stiffness has had a detrimental effect on the target vehicle
in the event of a lateral impact.
A similar approach to that outlined in Section 3.2 was undertaken to again match equiv-
alent collisions and propose a hypothesis - that new, stiffer bullet vehicle imposes greater
intrusion than an older but similar striking vehicle. Yet this time, the target vehicle and
impact velocity were held fixed and the design year40 of the bullet vehicle varied. A similar
criteria was defined for collision equivalence as described in the previous section. More
specifically, the following criteria was required when matching collisions:
• Design year of target vehicle was ±1 year
• Design year of bullet vehicle was different
• Impact velocity41 [−8≤ xkmh−1≤ 4]42
• Pure lateral or oblique striking angle of the striking vehicle43
• The same number of doors of the target vehicle44
39The crash box is designed to buckle in low severity impacts and prevent damage to any of the primary
structure. A crash test was design to validate the structural performance of the crash box [RCAR (1999)].
Reasoning for the crash test was to allow for efficient vehicle repair costs during low severity impacts
40Unlike in the NASS-CDS data where the VIN number was used to identify the model year, the platform
design year was obtained for the GIDAS vehicles. Using the design year implies that the stiffness values of the
actual vehicle are equivalent to those in which the vehicle was first designed. For example, the Volkswagen
Golf IV was manufactured between 1997-2003, thus the design year was 1997 and all Golf IV vehicles were
assumed to have stiffness estimates equivalent to 1997 vehicles.
41As per Equation 3.1
42As GIDAS samples much fewer collisions per year than NASS-CDS (ca. 2,000 in comparison to 5,000),
the impact velocity constraint from the previous section was too restrictive on generating sufficient numbers of
pairs. Therefore, a variable window-interval was employed. As impact velocity is dependent on ∆v and given
the square relationship between speed and energy, greater width in the window-interval was given to collisions
of a lower severity.
43As identified through the CDC. Pure oblique collisions required a PDOF of either 3 or 9, and oblique
collisions had PDOF values of 2,4,8 or 10. This would eliminate the need to account for any of the adjustment
factors attaining to impact angle and ∆v [Brach (1987); Fonda and Metz (1993); McHenry (1975)]
44For the same vehicle platform, doors are generally wider in two/three-door designs than the four/five-door
equivalents and as such the door lever is longer. This increases the susceptibility of greater door intrusion. Crash
testing of the same vehicle model with different door configurations (two-door and four-door) was conducted
by NHTSA, whereby results indicated that dummy side impact injury metrics were 14% higher in the two-door
vehicles [NHTSA (1990)].
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• Impact location of the target vehicle was the same45
To account for the vehicles with and without the crash boxes, a minimum collision
severity was required. This was set above the severity where visible damage to the vehicle
becomes apparent [Nolan et al. (1998)]. Bullet vehicles required a PDOF of 1, 11 or 12 to
remove any side swipe collisions. Exceptionally old vehicles were additionally excluded46.
The senior population were included in the analysis47. The hypothesis was tested using MVC
from GIDAS to gauge the level of confidence attributed to the German database. The number
of collisions in GIDAS is not as abundant as NASS-CDS and collision years from 2000-2015
were used.
Again each matched pair of collisions would consist of a newer and older bullet vehicle
involved in a similar MVC. Similarly, traditional statistical test could be applied to assess the
hypothesis. As intrusion was measured on a continuous scale48, a (one directional) paired
t-test was applied to the cohort of collisions to determine whether the pairwise differences in
intrusion between two sets exceeded zero. The underlying hypothesis was that, when struck
by a newer vehicle, greater door intrusion would result. The secondary null hypothesis was
formulated as:
• H0: x˜newer BV ≤ x˜older BV
where x˜ represents the mean residual door intrusion of the target vehicle.
As demonstrated in Section 3.2, newer struck vehicles are less resistant to lateral intrusion
than older vehicles. Therefore, clusters of target vehicles were formed based on their design
year49 and further stratified into groups of impact velocity. This would isolate conditions
where any effect would be most apparent. With reference to Figure 3.4, a total of 751
vehicle-vehicle lateral collisions were obtained from GIDAS. Of these 392 were pre-Euro
NCAP vehicles, 202 vehicles were designed to the initial side impact regulations and 157
45As identified through the CDC, namely the lateral impact zone.
46American FMVSS 214 regulations were developed between 1980-1993 to improve a vehicle’s self protec-
tion during a side impact. Over this period, manufactures were able to significantly reduce the risk of occupant
injury for a given technical accident severity, namely attributable to structural modifications and the use of
energy absorbing materials in the door [Kahane (2007)]. Although this result was applicable to a different
market, it was assumed similar improvements were achieved in Europe as well. Therefore, no vehicle designed
prior to 1985 was considered in the study
47The hypothesis was assessed using GIDAS data. GIDAS requires a medical sampling requirement for case
investigation – an injured occupant. This differs to NASS which requires a technical sampling requirement for
case investigation – a tow-away vehicle. Therefore, the previous overrepresentation of the senior population
was not applicable to GIDAS
48One of the advantages of using GIDAS was that the residual static intrusion at a fixed location or maximum
crush is measured to the nearest cm.
49According to their Euro NCAP compliancy
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designed thereafter50. Each target vehicle attempted to be matched to a secondary target
vehicle within the design year group.
16,557 Vehicle-vehicle collisions
3,364 Lateral vehicle-vehicle collisions
2,605
Recorded vehicle masses
and ∆v
1,188
No side swipe and impact
parallel to passenger compartment
981 Vehicle design year >1985
751 Accurate intrusion measurement
Fig. 3.4 Inclusion criteria used in GIDAS for collision years 2000–2015.
Results
A total of 450 pairs of similar collisions were obtained from the 751 GIDAS collisions.
The median door intrusion values for the pool of matched collisions is listed in Table 3.2.
Pairs of similar collisions consisted of an older and newer bullet vehicle, but similar target.
Categories of vehicle age were defined as pre-Euro NCAP [1985≤ T(DY)≤1996], post-Euro
NCAP - barrier only [1997≤T(DY)≤1999] and post-Euro NCAP - barrier and pole vehicles
[T(DY)> 2000].
In Table 3.2, x˜ represents the median depth of static door intrusion - when the target
vehicle was struck by a newer and older bullet vehicle. A one directional paired t-test was
applied to assess the credibility of the hypothesis at hand. The credibility was summarised
by the means of a p-value.
50Initial consumer testing with the lateral impact envelope for Euro NCAP only assessed vehicle with a
vehicle-barrier test, however was upgraded in 2001 to include the pole test [van Ratingen et al. (2016)]. A
vehicle model year of 2002 was chosen as the interval for EuroNCAP vehicles to balance group sizes and any
influence of the pole test
33
Preliminary Statistical Analysis
Table 3.2 The median door intrusion for the pool of matched collisions. N is the total number
of collisions within the T (DY ) period, n is the number of paired collision within the CS
intervals, x˜ in the median depth of static door intrusion.
T(DY)
[1985-1996]
N=218
[1997-2002]
N=140
[2002-. . . )
N=92
CS (kmh−1) n x˜OLD x˜NEW p-value n x˜OLD x˜NEW p-value n x˜OLD x˜NEW p-value
[12−28] 45 8.9 9.4 0.400 30 8.3 8.7 0.390 19 6.2 7.7 0.198
(28−40] 65 11.1 12.9 0.130 52 8.3 10.3 0.073 26 8.4 9.6 0.224
(40−60] 77 16.9 13.9 0.882 53 13.6 13.9 0.478 44 11.4 12.3 0.292
(60−100] 31 19.7 21.0 0.263 5 - - - 3 - - -
Discussion
Results indicated that when the bullet vehicle was newer, the median depth of static door
intrusion was generally greater, although no statisitcal significant result was obtained. A
trend was also seen for the struck vehicles, whereby static intrusion decreased for the newer
design years. This supports the previous mentioned conclusions in Section 3.2.
In general, the oldest target vehicles, those designed prior to 1997, experienced greater
magnitudes of static door intrusion, relative to the other target vehicles. For medium-severe
impact severities, the proposed hypothesis did not hold true. It was assumed that at this
severity, the structural integrity of the A- and B-pillar was not able to be maintained and/or
the occupant compartment collapsed, irrespective of any influence of the striking vehicle’s
stiffness. Only a limited number of collisions were obtained for the maximum collision
severity, so any interpretation of results in this region was not concrete. Across all target
vehicle design year groups, the collisions at medium severities upheld the hypothesis, with
mean differences in static intrusion exceeding 2cm.
The Euro NCAP pole and barrier-compliant vehicles underwent the least amount of
door intrusion. Despite the lower magnitudes, this population showed greatest variability in
respect to differing amounts of static door intrusion resulting from the bullet vehicles, average
difference in intrusion across the three intervals was 1.2cm (compared to -0.5 and 0.9cm
for the Pre-1985 and 1997-2002 vehicles). This result suggested that a newer bullet vehicle
exhibits more aggressive behaviour towards the newest Euro NCAP compliant vehicles.
Reasoning for this may be that it was not until 2015 that Euro NCAP upgraded their side
impact protocol by increasing the weight of the barrier to 1300kg [van Ratingen and Williams
(2014)]. Welsh et al. (2009) demonstrated that the average weight of the European vehicle
fleet has increased since the introduction of crash testing. Yet, lateral barrier impacts were
carried out over many years with a 950kg barrier [European-Parliament (1996)]. As such,
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were manufacturers able to design vehicle structures which needed only to be compliant with
the 950kg barrier test, of which, the barrier yielded minimal real-world relevance.
Warner et al. (2007) conducted a series of lateral impact crash tests between an SUV
(bullet) and passenger vehicle (target) to highlight the importance of crash compatibility to
limit residual intrusion. Whilst the authors emphasized the need to account for geometric
compatibility, they altered the load cases to highlight an additional factor (supplementary to
stiffness) which may induce more intrusion. During an oblique impact concentrated loads
may disrupt the foam bumper corners (the foam mounted forward of the cross-beam member)
and create an aggressive edge. In situations where sliding occurs along the structural interface,
these sharp edges tear through the target vehicle structure like a can opener. Thus, bumper
beams should be designed with more rounded leading edges. This factor may have placed an
additional role in the greater intrusion associated with newer striking vehicles, however it
was assumed the increased longitudinal stiffness was of greater significance.
It was demonstrated that, with statistical significance, a new target vehicle will impose
greater intrusion to a target vehicle than an older target vehicle in a similar severity MVC.
Acknowledging the conclusion from Section 3.2, that newer struck vehicles exhibit a greater
tolerance to resist lateral intrusion, the perils of an MVC constellation with a newer striking
vehicle and older struck vehicle should be investigated.
3.4 Elementary Research Question Three: Dangerous lat-
eral impact constellations: New and Old vehicles
Sections 3.2 and 3.3 demonstrated that newer target vehicles have a greater tolerance to
lateral intrusion, meanwhile the increased stiffness of newer bullet vehicles causes greater
intrusion. As a consequence, it was imperative that lateral impact constellations with different
aged vehicles be investigated to isolate any potentially injurious conditions.
The presented research investigates the changes to the collision environment associated
with increased vehicle stiffness. Namely, it attempts to isolate any difference in occupant
injury risk when one was laterally struck by a newer or older vehicle. Clusters of vehicles
were grouped according to Euro NCAP compliance51. The risk of injury for the nearside
occupant at the AIS3+ severity, was compared by developing a series of injury risk curves 52.
These are statistically derived estimates of the probability of injury for a given population
51Denoted by a vehicle design year of 1997. Although the lateral pole test was not introduced until 2000, no
difference was made between the Euro NCAP compliant vehicles.
52During crash tests dummies measure thoracic injury risk at the AIS3 severity. This remains the primary
injury severity under investigation for the majority of following research
35
Preliminary Statistical Analysis
associated at various levels of stimuli. The stimuli may be forces, moments, deflections,
velocities, accelerations or combinations of these measures [Prasad et al. (2010)].
For this one can investigate MVC databases which attempt to describe the chronicles of
collisions with a wide range of collision-specific parameters. Inference from these parameters
can be used to describe the human tolerance to injury through injury risk functions (Haddon
et al., 1964, Chp 8). Risk curves have been developed by retrospectively reviewing vehicle
collision databases, for example [Kent and Funk (2004); Laituri et al. (2005); Niebuhr et al.
(2016); Stigson et al. (2012); Sunnevang et al. (2010); Weaver et al. (2015)]. Given the
greater frequency of frontal collisions in the real-world [Gabler (2003)], the majority of
database-derived risk curves have been developed for this impact constellation, however,
limited literature has investigated lateral impacts.
Injury risk curves are generally developed using logistic regression or survival analysis
models. McMurry and Poplin critiqued both methodologies and concluded that the survival
approach produces a model that is more appealing on physical grounds [McMurry and
Poplin (2015)], and for this reason our study implements survival analysis. The methodology
institutes a model which assumes an underlying mathematical distribution in the data. These
models are used to predict injury tolerance limits. In this specific case the stimulus becomes a
measure of technical collision severity. Each model can be tailored to account for secondary
confounders, such as the population’s age.
The main advantage of using collision databases to form risk curves lies in the conversion
of observed accidents into quasi-experiments. Although the location of the injury is easily
measured, it is difficult to establish the minimum severity needed for the onset of injury.
As outlined in Ran et al. (1984), it was assumed that for each experiment, the recorded
loading was either too excessive or too small to cause significant injury. Therefore, the
analyst must consider the data as double-censored [Kent and Funk (2004)]. This is one of
the quintessential concepts associated with the development of injury risk curves. In the
case of real-world accidents, the non-injurious impacts are considered right censored and
the impacts where injury was incurred are left censored. In the case where no injury was
sustained, it was not known how much more stimulus could have been endured before the
onset of injury occurred. Thus, the non-injury collisions are right censored.
Survival analysis techniques were implemented to derive injury risk curves for the new
Crash Dummy, the World Side Impact Dummy (WorldSID). The manner in which the curves
are derived and validated is outlined in the ISO document [ISO (2013)]. The technical
reports suggested that a series of mathematical distributions were implemented and the most
appropriate distribution selected. Kent and Funk (2004) provided a detailed background
to the underlying parametric distributions to determine if one was consistently a better fit.
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They concluded that neither of the distributions appeared to consistently describe injury
tolerance data any better than the other. For this reason, the versatile Weibull distribution was
selected as the underlying mathematical distribution. The associated flexibility is derived
from the three descriptive parameters; the scale, shape and location. Additionally, it has the
capability of modelling both symmetrical and skewed distributions. The Weibull distribution
was implemented in the initial biomechanical research into risk curves [Ran et al. (1984)]. In
a refinement study some years later the same authors demonstrated that for certain datasets,
the Weibull and lognormal distributions resulted in comparable graphs and confidence bands
[Koch (1988)].
Identifying appropriate lateral impact constellations
Lateral vehicle-vehicle collisions from GIDAS were employed for the following research
package. Inclusion criteria was comparable to Section 3.3, in that it required the occupants
to be; travelling in a passenger car, seated in the front row, nearside of the collision and have
primary damage recorded to the side of the vehicle. Side swipe collisions were excluded.
The sampling criteria of GIDAS requires an injured occupant, therefore to eliminate the
threat of any bias from slightly-injured, financially motivated occupants, a minimum injury
standard was set. Only collisions where the occupant suffered an ISS ≥ 2 were considered.
Reporting of minor injuries is often assumed to be motivated by monetary compensation
[Niebuhr et al. (2015)].
Survival analysis
The change of velocity, ∆v, that the vehicle experiences was regarded as the most representa-
tive measure of energy dissipation during a collision and was chosen as the stimulus for injury
causation. The lateral component is not readily calculated during GIDAS reconstruction and
was not used. Complementing the susceptibility of injury described by the crash severity,
was the changing biomechanical tolerances associated with occupant age. Human ability to
withstand trauma is a product of many physiologic factors including engineering functions
of strain, shear and elasticity, such that as the body ages, it becomes more susceptible to
injury [Zhou et al. (1996)]. Accordingly, occupant age was a confounding factor that must
be accounted for, and the study focused exclusively on those occupants aged 16-6053.
Initially a survival object (or formula) was generated from the data which accounted
for the double-censoring assumption. A parametric survival regression model (in our case
53A different upper age limit was defined as the analysis would focus on overall injury sustained, and
exclusively focus on the thorax
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with an underlying Weibull distribution) was fit to the survival object. This provided the
three descriptive parameters which governed the form of the curve. Confidence intervals (CI)
were estimated as outlined by (Klein and Moeschberger, 2003, p.46). Survival models were
presented as:
log(I) = µ+σW (3.2)
Where I is the exact injury stimulus that results in injury and W is a random variable
describing the variation in the population. W undertakes different probability distributions
paralleling the appropriate parametric distribution of the survival model. The maximum
likelihood estimates of µ and σ introduce uncertainty into the model. McMurray and Poplin
discussed two possibilities to generating horizontal confidence intervals (CI) for survival
models [McMurry and Poplin (2015)]. They termed the methods data scale and log scale
intervals, demonstrating preference for the latter. The method assumes that µ and σ have a
normal distribution and constructs the confidence intervals on a log scale then converts them
to the injury scale. This would allow for the generation of two-sided 95% CIs.
Results
A total of 253 relevant collisions were obtained from GIDAS. The distributions of collision
constellation is shown in Table 3.3. The resultant risk curves appear in Figure 3.5. The
curves are presented without confidence intervals to ease interpretation. The dashed curves
represent the pre-Euro NCAP target vehicles and the solid curves are the post-Euro target
NCAP vehicles. The curves shown in red are for pre-Euro NCAP bullet vehicles and those in
blue are the post-Euro NCAP bullet vehicles. Refer to Figure A.1 for curves with confidence
intervals.
Table 3.3 Distributuin of Euro NCAP compliant vehicles. Note: post- represents the post-
Euro NCAP vehicles and pre- the pre-Euro NCAP vehicles.
Bullet Vehicle
post- pre-
Target
Vehicle
post- 55 35
pre- 56 107
The curves for the pre-Euro NCAP target vehicles are shown with dashed lines. The
dashed curves remain relatively similar until a collision severity of 35kmh−1, then the slope
for the newer bullet vehicles (dashed blue curve) exhibits a steeper slope than the older
bullet vehicles (dashed red curve). The solid lines represent the post-Euro NCAP target
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vehicles. Both solid curves are similar to one another and follow the trend of the pre-Euro
NCAP–pre-Euro NCAP curve (dashed red line). Within the sample, the post-Euro NCAP
compliant vehicles with a deployed curtain airbag did not consist of any occupant suffering a
MAIS3+ injury. Therefore, as more post-Euro NCAP vehicle become available in GIDAS,
it would be expected the curves for the post-Euro NCAP vehicles be shifted to the right.
At severities greater than ∆v 45kmh−1 the occupants of pre-Euro NCAP (target) vehicles
struck by post-Euro NCAP compliant vehicles (dashed blue) yielded greatest injury risk. The
curve exhibits a steep slope where injury risk changes from 0.15-0.80 within the range of
15kmh−1.
Discussion
The group most at risk was the pre-Euro NCAP (target) – post-Euro NCAP (bullet). At
greater impacts severities, the difference in predicted injury risk was most noticeable. Frontal
consumer testing within Euro NCAP incorporates an offset collision that only engages one
longitudinal structural member. The test aims to encourage engineers to develop a stiff
passenger compartment with less stiff front ends that absorb energy. Such a test resulted in
vehicles with a greatly improved front-end crumple zones [O’Neill (2009)]. Until a collision
severity of 35kmh−1, all curves do not differ. At greater severities, when the striking vehicle
was designed to Euro NCAP standards and the target vehicle was not, the slope of the curve
Fig. 3.5 Injury risk curves at the MAIS3+ injury severity for different vehicle-vehicle
constellations. The target vehicle ∆v is shown along the x-axis in kmh−1.
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accelerates. It was assumed this corresponds to the limit of maximum compartment strength,
and once exceeded, occupant injury risk increases sharply.
The other three curves did not show different behaviour. This indicates that while frontal
and lateral stiffness values have increased, injury risk has not changed. It becomes apparent
by reviewing the similar Post:Post and Pre:Pre curves. These curves remain the same because
the risk of occupant contact with the B-pillar or window has not changed. Fortunately very
few collisions have occurred where a curtain airbag deployed. The post-Euro NCAP vehicles
are expected to have lower injury risks given their integration of passive safety systems as
more collisions become available with a deployed curtain airbag. Despite the sharp incline
of the Pre:Post curve, the real-world relevance of such a impact constellation is not a major
concern. A study in 2011 showed that of the 42.3 million cars registered in Germany, 60%
were ≤ 10 years old and 80% were ≤ 15 years old [KBA (2011)]. Therefore, considering
today’s vehicle fleet, it can be expected that few pre-Euro NCAP vehicles are on the road.
Comments to Section 3.2 - 3.4
The three elementary questions used MVC data from both American and European databases.
The statistical findings (and degree of certainty) obtained in each section cannot be presumed
to represent the structural integrity/aggressivity of the current fleet in both regions. That is to
say that, the conclusion obtained in Section 3.2, that for a given impact velocity, a newer target
vehicle, one that is driven on American roads, will undergo less intrusion than an similar but
older American target vehicle, cannot be inferred for a European vehicle. And vice versa
for conclusions obtained for the second question in which German data analysed German
vehicles. Impact energy, if that be imparted from velocity, mass or orientation differ between
Europe and America as evident in the different regulations/directives and consumer testing
programs. As a result, the manufacturing process for vehicles either side of the Atlantic
likely differs. That may include the use of other materials or alloy blends, the manufacturing
of structures to different thickness’s or structural optimisations which are localised for a
certain load case. Yet, it was indicated that the frontal stiffness of Japanese vehicles has
also increased Mizuno et al. (2005, 2003). This collision data from this market was not
exclusively investigated in this section, yet, a stiffness increased was also demonstrated in
this neutral market. Based on this, one can assume that the statistical conclusions derived in
this chapter hold true for all European and American vehicles.
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3.5 The Changing Collision Environment
In the 1980s a systematic review of real-world MVC data indicated that 225,000 lateral
collisions with fixed objects occurred annually in the United States. One in three occupants
incurred injury, with one in a hundred sustaining fatal injury [Troxel et al. (1991)]. When
intrusion was localised at the occupant compartment, fatality rates increased to one in forty.
This trend was echoed in a retrospective study of a Australian collisions [Lozzi (1981)]. The
research led to a proposal of a vehicle-fixed-object crash test which was strongly orientated to
real-world collisions [Ray and Carney III (1993)]. The collision orientation would replicate a
vehicle with minimal to no longitudinal control, which was largely sliding (laterally) towards
the pole.
Lateral impacts with narrow objects subject the side of the vehicle to highly concentrated
loading that is difficult to resist in comparison to vehicle (or barrier) impacts. Yet, the shear
prevalence of these documented collisions has vastly reduced. More recently Haenchen et al.
(2004) reported on Germany data that pole impacts account for only 8% of lateral impacts,
however cause the greater distribution (49%) of serious injuries [Haenchen et al. (2004)].
Similarly, a review of lateral collisions between 2000-2006 in America suggested that pole
impacts occurs for every four vehicle-vehicle collisions [Gopal et al. (2009)]. Additionally, a
report from NHTSA indicated that in terms of annual occurrences, pole collisions account
now for only 4% of all side collisions, where 371 annual events occur in which the occupant
was injured [NHTSA (2015b)].
With the rapid uptake and efficacy estimations of electronic stability control (ESC) [Fildes
et al. (2013); Wenzel (2012)], it is proposed technology has mitigated the likelihood of a
traditional (lateral) fixed-object collisions from occurring, given its fundamental principle to
limit the vehicles lateral slip [Langwieder et al. (2003)]. Strong effectiveness estimations54
have been claimed for collisions at higher speeds where vehicle dynamics performance plays
a greater part in the crash [Aga and Okada (2003)] and wet or icy roads [Lie et al. (2004)].
Thus, accounting for the strong reduction in the quantity of pole collisions.
Active safety systems, such as ESC, are expected to change the collision scenario [Rieger
et al. (2005)]. Not investigated within the realms of this research was the hypothesis that ESC
may not be able to avoid the collision from occurring all together but change the collision
orientation. That being, where a traditional lateral impact would have occurred, it may
now be shifted to incur an oblique orientation with impact more forward of the occupant
54The true effectiveness of ESC is difficult to gauge, as the system aims to prevent the collision from
occurring all together, events are not recorded in collision databases. Consequently, any control group will be
fundamentally biased.
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compartment. This would avoid the dangerous loading which results when the passenger
compartment is struck, where the nearside occupant was at greater risk to serious injury.
3.6 How can one investigate the correlation between expo-
sure to energy and injury?
Chapter Two explicitly stated that two important factors for the occurrence of injuries in side
impacts are the impact severity and intrusion. Therefore, one should be able to illustrate the
correlation between exposure to energy and injury from an analysis of real-world MVCs.
Thus far, impact severity has been represented in the chapter by ∆v and Impact velocity55.
Using these two factors and the EoD variable for intrusion, one can examine to what extent a
correlation with injury exists.
The GIDAS database was again queried for vehicle-vehicle impacts in which the bullet
vehicle impacted the target vehicle laterally. Given the occupant’s heightened susceptibility
to injury in a pre Euro-NCAP vehicle56, all pre Euro-NCAP vehicles were removed from the
analysis. All occupants had to be seated in the front row and in a nearside orientation. Only
passenger vehicles and SUVs were considered as the striking vehicle.
Specific to each domain representing collision severity, was additional criteria applied.
That including:
• Change of velocity: 0≤ ∆v < 100
• Impact velocity: 0≤ ∆v < 100 & 700≤Vehicle Mass < 3500
• EoD: 1≤ ∆v < 657
The sample sizes for the three collision severity domains were 1,123, 922 and 1,132
respectively. Defining a dichotomous outcome at the MAIS2+ injury level, one can compare
the probability of injury by dividing the number of occupants who sustained a given injury.
Simply by the number of occupants with known injury status58 at each severity interval. One
consequently obtains a raw point estimate for the probability for incurring a MAIS2+ injury.
It becomes immediately obvious that this raw point estimate depends on the observed sample,
thus it would be more beneficial to make a statement regarding our confidence that a given
range of values include this raw point estimate. A confidence interval to represent this range
55As defined in Equation 3.1
56As indicated in Section 3.4
57As an EoD >5 engulfs more the entire driver’s seat
58The sum of injured and uninjured
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of values can be determined from our sample. An interval that exhibits high confidence (e.g.,
95% or a (1−α)100%59 confidence interval) (Woolson, 1987, Chp.5) of including the single
point is required. Simultaneously imagine that our sample is one of many possible samples
that could be observed60 and that observed confidence interval could then be computed
from each of these possible samples (DeGroot and Schervish, 2012, Chp.8). Therefore, one
can assert with (1−α)100% confidence that the interval contains the point obtained from
our sample. In this analysis a Clopper-Pearson method was used to estimate CI [Clopper
and Pearson (1934)], as their calculation requires the number of successes61 from the total
number of trials62 within each interval.
Results
Figure 3.6 illustrates the change in injury risk at the MAIS2+ level over the three definitions
of impact severity. The raw point estimates and CIs are shown by the red dots and whiskers,
respectively. Each upper and lower whisker was at an equal distance from the raw point
estimate when one accounts for the log-scale used in the y-axis. The vertical log-scale was
implemented so the nonlinear relationship would appear linear. Shown on the horizontal axis
is the number of occupants who incurred injury and total sum obtained from GIDAS for the
given severity interval.
Discussion
The analysis which implemented Impact Velocity was the smallest in sample size, which was
to be expected as it required recorded values of vehicle weight and ∆v in GIDAS. Likewise,
the analysis which implemented EoD was the largest in sample size as this was a subjected
measure recorded by the GIDAS investigator. Nonetheless a correlation was evident, in that
greater exposure to energy resulted in greater risk of injury. Indicating that occupant injury
risk is reduced by reducing the energy they are exposed to.
3.7 Chapter summary
The purpose of the chapter was to conduct preliminary analysis to gauge the level of statistical
confidence attributable to both the American and German MVC databases. Based on well
documented research findings from the literature, a series of elementary research questions
59Where α is a small number like 0.05
60Other samples may be obtained from other MVC databases, or may be observed in the future
61Or in our example, the number of occupants injured
62The sum of uninjured and injured
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were proposed as a manner in which the accuracy of the databases could be assessed. It was
shown, with a level of statistical significance that:
• For traditional vehicle-vehicle lateral impacts involving two similar target vehicles, the
newer target vehicle was less resistant to intrusion than the older target vehicle
– Although limiting the extent of (lateral) residual intrusion is important to min-
imise injury risk during a lateral discussion, fellow researchers have suggested
vehicle designers must account for the dynamic velocity of the intruding door at
the time of contact with the occupant.
• For traditional vehicle-vehicle lateral impacts involving two similar bullet vehicles, the
newer bullet vehicle will impose greater intrusion than an older bullet vehicle
– Although newer target vehicles are less vulnerable to intrusion, they showed the
variability to differences in intrusion imposed by target vehicles.
and to a lesser extent of statistical certainty that:
• Occupants driving a pre-Euro NCAP vehicle whom are laterally struck by a post-
Euro NCAP vehicle are at an elevated risk of injury when the collision severity is
moderate-high
– Given the rare occurrence of pre-Euro NCAP vehicle seen on German roads, the
relevance of such a risk is not of great concern
It was also indicated that the collision scene is changing, where:
• The prevalence of lateral single-vehicle collisions has vastly declined
– It is likely that the efficacy of ESC has prevented vehicles from losing longitudinal
control and sliding laterally into fixed objects.
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Chapter 4
Thoracic Side Airbag Effectiveness in the
German Fleet
4.1 Introduction
Chapter 3 posed a series of elementary research questions attaining to the changes in the
structural performance and crashworthiness standards of the vehicle fleet over the last few
decades. Recalling that the the introduction of tSAB into the vehicle fleet may be viewed as a
public-health control program, MVC databases can also be queried to determine preliminary
efficacy estimates. Any attempts to quantify its effectiveness would essentially need to
compare the risk of the injury between occupants exposed and unexposed to its deployment
in a comparable crash scenario. As such the conclusions of Chapter 3 explicitly demonstrated
that exceptionally older target vehicles, those without the tSAB cannot be selected as a
control group when comparing injury risks. The following Chapter attempts to quantify an
efficacy estimation of the tSAB to prevent injury within the German vehicle fleet.
4.2 Statistical Analysis
Aim
In section 3.2, it was shown that matching similar collisions provided a sufficient means
to test an hypothesis, and specific to our scenario, could the association63 between tSAB
deployment and injury be determined. Thus, one could match collisions where the occupant
in the target vehicle had a tSAB deploy (exposed) to similar collisions where the occupant
63In statistics, association is defined as a statistical relationship between two variables
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was not exposed to the deployed tSAB. As such a matched cohort study would be formulated
and a direct measure for the tSAB’s efficacy could be obtained.
An example of an epidemiological question that can be answered using a cohort study is:
does (exposure to) smoking associate with cancer (outcome)? To measure the strength of any
association, a study would be drafted with a group of smokers (exposed) and non-smokers
(unexposed). Both parties would be followed for a defined period of time and and incidence
of cancer would be noted. The groups would then be matched with regards to a series of
confounding factors (eg. gender, economic status, health status) so that the variable being
assessed – exposure associated with the outcome. Statistical tests would then be utilised to
measure any association accounting for the matched cohort study design. In the event of a
statistically significant increase in the incidence of cancer in the exposed group as compared
to the unexposed group is support for favouring (or rejecting) the hypothesis.
The aim of the study was to focus on the occurrence of injuries specifically sustained at
the thoracic region and compare the risks between the exposed (to the tSAB) and unexposed
occupants.
Resources
The majority of research into the efficacy of tSAB has exclusively investigated the American
vehicle fleet. It has been well-documented that a significant mass difference between the
European and American fleets exists. This is mainly due to relatively high fuel taxes in
Europe [Noland (2005)]. Consequently, a greater number of Sports Utility Vehicles (SUV)
are driven on American roads, and these bullet vehicles were shown to increase the target
vehicle occupant’s vulnerability to injury during lateral impacts [Tencer et al. (2005a)]. Yet,
this research will measure the efficacy of the tSAB in the German vehicle fleet, where the
prevalence of SUVs was not as prominent.
The primary purpose of the research was to estimate the effectiveness of the tSAB,
therefore lateral side impacts with a nearside front-row occupant were investigated. Both
collisions with fixed objects and other vehicles were included in the study. The target vehicle
required a principal direction of force (PDOF) of 1-5 (clock orientation) or 7-11 depending
on the side of impact. For the vehicle-vehicle collisions the striking vehicles required a
PDOF of 11,12 or 1, thus eliminating any side swipe collisions. Additionally, occupants
aged younger than 16 were excluded [Arbogast et al. (2005)], as were any rollover collisions.
Legal driving age in the US and Germany are 16 and 17 years respectively. Thus, if the
struck occupant was in the drivers seat, it needed to ensure that they were of legal driving
age. Rollover was defined as at least a one-quarter turn (i.e., 90 degrees) on the vehicle’s
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horizontal axis. These events were excluded as the source of injury could not be attributable
to the initial lateral impact or the occupant movement as the vehicle rotated.
For the associated dataset, the inaugural vehicle to integrate the tSAB was the Volk-
swagen Golf Mark III. Although the vehicle was designed for a 1991 product launch, it
was manufactured until 1997 and various late models were equipped with tSAB. Thus, any
target vehicles with an initial design year prior to 1991 were excluded. This would eliminate
any bias incurred from matching any exceptionally older (unexposed) vehicles with late
model (exposed) vehicles. Furthermore, it accounts for the greater injury vulnerability of
occupants in exceptionally old vehicles, which was mentioned in Chapter 3. Collisions from
2000-2015 were used in the study. A Venn diagram64 was used to describe how influential
each of the filtering categories were in reducing the sample, refer to in Figure 4.1. The sum
within each bubble attains to the number of collisions from the initial 8,633 which were in
accordance with the given criteria - for example 3,737 vehicles were within the target vehicle
design year constraint. A further 728 collisions do not appear in the venn diagram as they
do not comply with any of the criteria. Figure 4.1 demonstrates that a initial quantity 5,638
side impact events filtered down to 1,792 once the appropriate criteria was applied. The
Venn diagram indicated that over 540 collisions were excluded from the study as they were
exceptionally older vehicles65. A further 1669 collisions involved farside seated occupants in
newer vehicles and were not of interest as these occupants have a much lower risk of injury
compared to the nearside occupant [Farmer et al. (1997)].
All collisions had their case photos inspected to confirm the deployment of the tSAB
unit by a team of traffic safety researchers. This was to identify the different types of SABs
mentioned in Section 2.2 and was carried out for all other anaylses appearing in the thesis.
Only collisions where the tSAB deployed from the seatback were used, due to concerns raised
from OOP testing for the door-embedded systems [Yoganandan et al. (2007)], and a total
of 306 vehicles were removed as they equipped with door-embedded tSAB systems (either
deployed or undeployed). This configuration remains the state of the art integrated in the
current vehicle fleet and no literature has exclusively researched their individual effectiveness.
The collisions where the tSAB failed to deploy were additionally removed from the
sample (n=470). These collisions were mechanistically different to those where the tSAB
deployed - because they were below the triggering threshold or impact occurred away
from the occupant compartment. A statistical test was required to compare the likelihood
64Venn diagrams are a useful tools for data mining. Unlike the hierarchical flow charts used in the previous
chapter, the Venn diagrams provide more details about the importance of each filtering category, regardless of
the order it was applied.
65Chapter 3–Section 3.4 indicated that rate of change in injury risk was much more abrupt when these older
vehicle were struck by newer vehicles compared to the other other impact constellations.
49
Thoracic Side Airbag Effectiveness in the German Fleet
Fig. 4.1 Venn diagram describing the initial filtering of GIDAS lateral collisions.
that the distribution of collision severity (∆v) for the tSAB deployed collisions differed to
collisions where the tSAB failed to deploy in the target vehicle. Again a non-parametric
test was used as it does not require the assumption of a normal distribution. The Wilcoxon
rank sum test66,67 [Mann and Whitney (1947); Wilcoxon (1945)] is the non-parametric
equivalent to the independent t-test. This was implemented with the null hypothesis that the
tSAB deployed ∆v distribution was less than or equal to the failure to fire ∆v distribution.
Median collision severity (∆v) for the tSAB deployed collisions was 20kmh−1 and failure
to deploy was 14kmh−1, where the distributions between the two groups did significantly
differ (Wilcoxon’s rank sum , W=100580, p-value <0.0001). Thus one could reject the null
hypothesis that the ∆v distribution for tSAB deployment was less than (or equal to) the
distribution of failure to deploy. The cumulative distributions are shown in Figure 4.2, with
an arbitrary line drawn at 12kmh−1.
There were 44 collisions in which the tSAB failed to deploy, in which the target vehicle
experienced ∆v >12kmh−1 and incurred intrusion greater than 5cm. The distribution of
impact location indicated that 61% of the vehicles were struck forward of the passenger
compartment, 23% were struck rearwards and 16% were struck orthogonal to the passenger
compartment. As the vast majority of impacts of these more severe collisions occurred away
from the passenger compartment, where the intrusion was offset from the nearside passenger,
these collisions were removed from the analysis.
66Not to be mistaken for the Wilcoxon signed-rank test used for the paired collisions in Section 3.2
67May also be referred to as Mann–Whitney U test
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Fig. 4.2 The cumulative distribution of ∆v for the collisions with tSAB deployment and those
where deployment failed to occur.
Considering the collisions where only a curtain airbag deployed from the roof; these units
were assumed to provide no coverage over occupant’s thoracic region and were included in
the non-tSAB group of collisions. A total of 1,016 from the initial 1,792 collisions remained
following secondary filtering. Once segregated by tSAB status, the counts of deployed and
non-available were 294 and 722, respectively.
Methods
Expanding upon the ideas outlined by Gordon (1949), the process of matching similar
collisions has become a popular manner to evaluate the real-world effectiveness of vehicle
safety systems. As such, the method has been integrated to evaluate effectiveness of using
belted restraints [Cummings et al. (2003)], and frontal airbags [Cummings et al. (2002);
McGwin Jr et al. (2003a)].
Here the stated aim was to form a matched cohort study. The survey design was defined
within the GIDAS sampling criteria. Thus, there was no follow-up period as an injury
reported within GIDAS was coded by a medical practitioner and then input into the database.
The exposure variable would be the deployed tSAB as it inflates just prior to impact of the
nearside occupant. The purpose was to measure its association with a given injury. One
would attempt to ’match’ each collision with the deployed tSAB to a similar collision where
no tSAB was present on a set of confounding factors. The following section outlines which
selected factors were deemed necessary to define equivalence for the ’matching’ process.
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Equivalence
To understand how collision and vehicle characteristics influence the risk of injury one needs
details attaining to the forces acting upon the occupants during impact and how they vary
with time. Unfortunately, this information is only available with tests using PMHS and
dummies. When reviewing real-world MVC, an overall measure that relates to the forces
during collision is the change of velocity (∆v) due to the crash (Evans, 2004, p.26), or
the Energy Equivalent Speed (EES) [Burg and Zeidler (1980)]. The EES is defined as the
velocity at which the vehicle should be crashed against a fixed, non-deformable object in
order to produce identical deformation as observed in the vehicle. Both EES and ∆v are
readily obtainable from MVC reconstruction software, such as PC Crash68. As the energy
dissipated during the collision had to be similar for each pair, the component associated with
the target vehicle was deemed a confounding factor.
The intruding vehicle structure, namely the target vehicle’s door has long been identified
as an associative factor for injury, even well before the integration of tSABs (as mentioned in
2.1). Consumer testing in Europe replicates this in that it requires the centre of the movable
deformable barrier to strike the vehicle at the R-point of the front seat [Welsh et al. (2009)].
Therefore, a dichotomous variable was defined to characterise any lateral intrusion at the
nearside door suffered by the target vehicles.
The influence of seating location was not accounted for. The primary requirement was
for the presence of a struck side occupant. The outboard SAB offers to protect the nearside
occupants from the adjacent intruding structure. It is the punching motion of the intruding
door which causes the injury. Thus if the occupant was seated in the driver’s seat or the front
passenger seat, it would unlikely influence the behaviour of the intruding door. A series of
other retrospective analyses did not differ on seat position for nearside impacts (for example,
Farmer et al. (1997); Frampton et al. (1997); Otte et al. (1984); Sunnevang et al. (2015)).
To eliminate any bias of vehicles undergoing various amounts of door intrusion, a
quantitative measure for vehicle damage was required. As with Section 3.2, the Collision
Deformation Code (CDC) was used to identify the EoD (Column 7 of CDC). Although
being somewhat of a qualitative measurement of damage, as it is dependent on the crash
investigator, it nonetheless provides an estimated measure of intrusion.
Vehicle mass has long been an issue of crash compatibility for side collisions (refer
to Section 2.1). Considering the aforementioned importance of vehicle mass and mass
difference for side impacts, the ratio of the colliding vehicles was presumed as an additional
confounding factor. In that manner, the mass ratio of the two vehicles, given the non-elastic
nature of the collision, was defined by Equation 4.1 [Evans and Frick (1993)]:
68Only the magnitude of ∆v is calculated in PC Crash, not the ∆vlat as mentioned in footnote 12 & 28
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MR =
Mass o f bullet vehicle
Mass o f target vehicle
(4.1)
In Section 3.2, it was established that the senior population exhibit an overrepresentation
in vehicle collision databases. Bone tolerance to mechanical input decreases with increasing
age, where Zhou et al. (1996) showed tolerance to (lateral) blunt force decreased by 27% for
the most senior population. It was important to account for the thorax in any population-based
studies as rib fracture was shown to be the most serious injury in 40% of patients aged over
60 who died from MVC-related chest injuries [Kent et al. (2008)]. Furthermore, the elderly
are five times more likely to die after trauma than similarly injured younger patients [Perdue
et al. (1998)]. More specifically at the bony thorax, Kent et al. evaluated structural changes
that occur and assessed their importance relative to well established material changes [Kent
et al. (2005a)]. It was found that the thorax underwent a series of changes associated with
time that can be categorized as material, composition or geometric changes. It was shown
that the change to the material properties of the rib were the most influential contributor to
rib fracture. The most common material change is the decrease in elastic modulus of the
cortical and cancellous bones. Variations in the thickness and density of the cortical bone
also contribute to injury risk [Stein and Granik (1976)]. Although apparent in another vehicle
fleet, rib fracture was the most frequently sustained serious thoracic injury in lateral impacts
[Sunnevang et al. (2015)], it was assumed a similar trend is apparent on German roads.
Therefore, one must account for occupant age as a confounding factor in the prediction of
thoracic injury69. Despite the fact that female subjects generally have more compliant torsos
than male ones [Kimpara et al. (2005)], namely given morphology of the ribcage [Bellemare
et al. (2003, 2001)], a review of real-world lateral impacts did not indicate a statistically
significant difference in either gender being more susceptible to injury than the other [Farmer
et al. (1997)]. Therefore, any confounding effects associated with gender differences were
ignored.
All possible occupant injuries to the thoracic region (at MAIS2+ level) that may be
incurred and remain the outcome of interest in the thesis are listed in Table B.1 [AAAM
(1998)].
The Matched Cohort Study
Collisions were matched on the series of confounders that were discussed in the previous
section. Those factors not used in the pairing process were integrated into the supplementary
logistic regression model. Collisions where a tSAB deployed were matched to collisions
69This point is revisited in Chapter Five
53
Thoracic Side Airbag Effectiveness in the German Fleet
without a deployed tSAB on a 1:n basis [Rassen et al. (2012)]. Pairing was conducted without
replacement. Given the limited number of tSAB deployed collisions, it was foreseeable that
the incorporation of EES into the matching process may have been overly constraining on
the development of pairs. Consequently, EES was not directly considered in the matching
process. Valid matches had to abide to the following constraints:
• Seating position relative to impact
• Bullet:Target mass ratio ± 0.20
• Occupant age ± 15 years
• Maximum Extent of Intrusion (Column 7 of CDC) ±1
• Incurred door intrusion, dichotomous
The occupant age and mass ratio limits were selected to balance collision equivalence and
maximise the number of matched pairs. All statistical analysis was conducted in R [v3.2.5,
2016], matching was automated by implementing the Matching package [Sekhon (2011)].
Consider a collision where the target vehicle had a deployed tSAB, i, it searched for an
equivalent collision where the target vehicle had no deployed tSAB. Once found the collision
(i) and its partner was removed from the sample. Then the next tSAB collision searched for a
match. This was continued until the population of tSAB collisions was exhausted. Those
collisions that were unable to successfully find a match were discarded. However, it was
foreseeable that a given tSAB collision may have been similar to more than one non-airbag
collision and the approach in which collisions were matched was dependent on their order.
Therefore, to account for the generation of 1:n matches, a permutation study was incorporated.
The process was repeated by varying the order of the collisions (for example, collision i was
now the third collision and may have matched with a different non-airbag collision). This
stochastic process was repeated 1000 times so that a variable number of matched-collisions
would be found. Once matched, each group were assigned a unique identification variable.
The distribution of collision characteristics between each exposure group after the match-
ing process were assessed with χ2- and t-test for the categorical and continuous variables.
The outcome of interest was differing levels of occupant injury severity. That included
overall occupant injury as well as thoracic-specific injuries. These were measured at the
MAIS2+ and MAIS3+ level. As outlined by Cummings, a manner was needed to account
for the dependency of matching70 [Cummings et al. (2003)]. Thus, a conditional logistic
70Though matching was done to ensure comparable events, the study population (particularly the unexposed
population) represents a biased sample of the overall study population. As a result, conditional tests are required
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regression (CLR) model71 was than applied to the matched data to estimate the measure
of association between airbag deployment and incurred injury [Miettinen (1969)]. The
CLR model was stratified by the pair-identification variable and needed to consider any
confounders not integrated in the pairing process (Kleinbaum and Klein, 2010, p.399). As
EES had been previously identified as a confounding factor, it was incorporated into the
logistic regression model. As such, the result from the CLR model returned an adjusted Odds
Ratio (OR)
The OR is a manner in which the analyst can measure the association between the inde-
pendent and dependent variable. In our smokers example previously mentioned, we have
recruited 100 smokers and 100 non-smokers. Of the smokers, 25 developed cancer mean-
while 10 non-smokers also developed cancer. The OR is determined as (EXPOSEDcancer÷
EXPOSEDno.cancer)÷ (UNEXPOSEDcancer÷UNEXPOSEDno.cancer), or 2575 ÷ 1090 = 3. In
short an OR less than one suggests that the exposed cases are at a lower probability of
incurring the outcome (relative to the unexposed), an OR equal to one suggests that the
exposed and unexposed are at equal risk of incurring the outcome - thus no association can
be inferred to the exposure variable, meanwhile an OR greater than one implies that the
exposed are at great probability of incurring the outcome.
As with standard logisitc regression models, the ORs is obtained from the associated β
coefficient. The value is defined as that which maximizes the conditional log likelihood, and
as such, a confidence interval for the ORs can be obtained. The confidence level, taken at
1−α is the probability that the interval contains the true odds ratio. When the interval does
not include 1.0, the result implies that the odds ratio is statistically significant (from 1.0)72.
Efficacy estimations of the injury prevention associated with seat-mounted tSAB would be
obtained from the natural log of the OR.
The ability of the tSAB to reduce injuries to a region not covered by deployment was
also determined. The area of interest was defined as the occupant’s nearside leg (including
hip). Furthermore, the current trend in the vehicle fleet is to couple such systems with a
head curtain airbag. As such, analysis was further extended to assess any benefit associated
with both (curtain + tSAB) systems. As the pioneering systems which deployed from the
vehicle roof were introduced much later than tSABs, in 1998 [Kompass et al. (1998)], a
much smaller sample size would be expected. A retrospective study had already indicated a
strong protective benefit for the hSAB to prevent Head/Face/Neck (HFN) injuries for the US
vehicle fleet [Griffin et al. (2012)].
71Conditional logistic regression is an extension of logistic regression which accounts for stratification. In
short, it allows the calculation of a different constant term for each strata.
72Implies that either a positive or negative association can be inferred
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Results
Ideally all 294 tSAB deployed collisions would have been successfully matched. The
matching process was only able to find 1:n pairs for 255 collisions, where n varied between
one and four (for a total of 414 non-tSAB MVC, of which 301 were unique). Thus, 39
(13%) tSAB collisions were unable to find an equivalent partner and were deemed irregular
accidents. Figure 4.3 shows the distribution of a series of collision descriptors which
compared the matched and unmatched/irregular tSAB deployed collisions. The distribution
of collision characteristics for the matched collisions appears in Table 4.1 below.
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Fig. 4.3 Series of collisions descriptors which highlight any differences between the matched
and unmatched tSAB deployed collisions.
The results from the conditional logistic regression model are summarised below in
Table 4.2. The Odds Ratio (OR) estimates the injury-mitigation efficacy associated with the
deployment of the tSAB.
The results to the deployed tSAB indicated that no unequivocal benefit could be attributed
to its deployment. At the thoracic region, occupants were at equal risk of MAIS2+ or
MAIS3+ injury regardless of tSAB deployment. When specifically investigating skeletal
injuries within the thoracic region, a similar result was incurred. At the leg, the region outside
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Table 4.1 Summary table of collision characteristics stratified by tSAB deployment deploy-
ment status. A total of 255 matched collisions were obtained.
no
tSAB
tSAB
deployed p-value
n=414 n=255
Nearside Occupant
Age 40.5 41.2 0.587
Driver, % 83.3 82.7 0.845
Female, % 55.8 51.7 0.311
Injured, %
MAIS2+ 14.3 20.0 0.061
MAIS3+ 3.4 6.6 0.070
Tho.MAIS2+ 2.9 4.7 0.246
Tho.MAIS3+ 2.2 4.3 0.144
Vehicle
No. unique vehicles 145 121
Struck vehicle design year, % <0.01
<1996 70.3 15.7
1996-2000 23.2 40.0
2001-2005 5.1 30.2
2006- 1.4 14.1
Maximum Extent of Intrusion (Column 7 of CDC), % 0.135
Extent 0-1 15.0 18.0
Extent 2-3 82.6 77.3
Extent 4+ 2.4 4.7
Striking vehicle design year*, % <0.01
<1996 45.9 29.3
1996-2000 34.8 29.9
2001-2005 14.3 26.1
2006- 5.0 14.7
Strike:Struck Mass ratio* 1.02 1.05 0.325
Collision
Veh-Veh, % 90.3 87.8 0.321
Struck Vehicle
∆v, kmh−1 20.6 21.4 0.273
EES, kmh−1 23.3 21.9 0.570
*Only for vehicle-vehicle collisions, (tSAB deployed = 225 + no tSAB = 374)
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Table 4.2 Association between tSAB deployment and thoracic injury. ORs and 95 and 90%
confidence intervals for the efficacy estimations associated with tSAB deployment
Deployed airbag OR* 95% CI 90% CI
Seat mounted tSAB
n= 255 matched collisions
MAIS2+ 1.29 [0.87–1.90] [0.93–1.78]
MAIS3+ 1.52 [0.68–3.38] [0.77–2.97]
Tho.MAIS2+ 1.04 [0.41–2.62] [0.48–2.26]
Tho.MAIS3+ 1.15 [0.41–3.18] [0.49–2.70]
Tho.Skel.MAIS2+ 0.94 [0.33–2.61] [0.39–2.21]
Tho.Skel.MAIS3+ 1.20 [0.27–5.35] [0.34–4.21]
HFN.MAIS2+ 1.09 [0.68–1.74] [0.74–1.61]
HFN.MAIS3+ 1.30 [0.47–3.56] [0.56–3.03]
Nearside Leg 0.98 [0.56–1.71] [0.62–1.45]
Seat mounted tSAB + hSAB
n= 94 matched collisions
MAIS2+ 0.83 [0.37–1.87] [0.42–1.64]
HFN.MAIS2+ 0.59 [0.21–1.65] [0.25–1.40]
*Adjusted for EES
the protection area, risk of injury did not substantially differ (OR=0.98, 95% CI, 0.56–1.71),
supportive of no benefit provided to the region for the vehicles with tSAB deployment.
When the tSAB was coupled with the curtain SAB, a non-statistical significanct reduc-
tion was apparent for the overall incurred injury (OR=0.83, 95% CI, 0.37–1.87) and for
head/face/neck injuries (OR=0.59, 95% CI, 0.21–1.65). The sample size was much smaller
for the tSAB+hSAB vehicles and likely accounted for the lack of statistical significance.
Including vehicle design year into the model showed similar magnitude ORs, however greater
width confidence intervals were not included in the final model.
4.3 Discussion
A matched cohort study was formulated to determine the association between tSAB deploy-
ment and injury. Both the overall injury sustained by the occupant and that specific to the
thoracic region were investigated from specific GIDAS MVCs. Within the obtained GIDAS
sample, Table 4.1 indicated that the prevalence of thoracic injury at the MAIS2+ and 3+ level
was relatively minor, as injury rates were below 5%. The relative changes in percentages at
the MAIS2+ to MAIS3+ level was only minimal, which suggests that when the thorax was
injured in a lateral collision, it was commonly severely injured. Given that the majority of
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OR’s resultant from the conditional logistic models floated around a value of one or more,
the results were not supportive of an additional benefit attributable to the tSAB at a 90 and
95% confidence level.
The analysis used raw counts of GIDAS data. Data from in-depth accident investigations
are often subject to biases due to uncontrolled variation of sample inclusion probability. As
mentioned in chapter two, sampling requirement for GIDAS needs an injured occupant. Thus
one must scale the database to be nationally representative, ie., to further increase the amount
of lower severities. The most commonly used scheme relies on type of the accident, accident
severity, and location of the accident (urban or non-urban) [Hannawald (2008)], which
assumes the sampling procedure was representative [Otte et al. (2008)]. Thus weighting
schemes have been used in a series of GIDAS evaluations (for example, Andricevic et al.
(2018); Ebner et al. (2011); Rosen and Sander (2009)). Yet other research has shown that
weighting of GIDAS does not solve correct for all biases in the data set and even with the use
of intricate mathematical methods still leave distortions in the data [Groemping et al. (2007);
Niebuhr et al. (2013)]. Other peer-reviewed research using raw counts of GIDAS data are
readily available [Niebuhr et al. (2015); Otte et al. (2012)]. The issue of projection to national
estimates is very complex and no singular acceptance appears in literature. Therefore, the
use of raw events are used in this chapter. This was assumed not to bias the results, as
another effectiveness study of GIDAS data commented that upon projection the raw counts,
no significant changes were seen in the results [Rosen et al. (2010)].
Griffin et al. (2012) implemented a similar approach to determine SAB effectiveness
within the American fleet. The authors reported that 40% of their collisions had a ∆v value
less than 24kmh−1, whereas the mean value associated with our GIDAS study was less
than 21kmh−1 - indicative of a greater presence of lower severity collisions in GIDAS.
Additionally, Griffin et al., reported that greater than 62% of target vehicles underwent less
than 39cm intrusion. With a crude estimation that this measurement equates to Maximum
Extent of Intrusion Group 4, the distribution of GIDAS collisions encloses over 95% of all
lateral collision - further support of a greater prevalence of lower severity collisions in GIDAS.
The greater presence of less severe collisions may be attributable to the high contingency of
vehicle-vehicle collisions, which generally cause less intrusion than similar severity vehicle
fixed-object collisions. Otherwise it may be attributable to the greater presence of SUVs in
the American fleet, which were shown to cause door intrusion orientations with heightened
risk of thoracic injury in lateral impacts [Tencer et al. (2005a)].
When the curtain airbag was coupled with the tSAB, occupants were at a lower risk
of injury, with a strong protection effect evident for the HFN injuries. The curtain airbag
has previously demonstrated strong effectiveness estimations [Griffin et al. (2012); Kahane
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(2007); McCartt and Kyrychenko (2007)]. Injuries to HFN region were attributable to over
50% of all sustained injuries during lateral fixed object collisions [Lozzi (1981)], where
contact with the fixed object through the window was regularly identified as a source of injury
[Troxel et al. (1991)]. Acknowledging the declining rate of vehicle-fixed object collisions
[NHTSA (2015b)], and given lower injury rates associated with curtain deployment, one
may speculate that the curtain system has been able to remove the dangers associated with
the previous mechanism of injury. One can only speculate this and not infer such an effect,
as had the hSAB removed the injury mechanism and occupants were uninjured, than the
collision would not be investigated in GIDAS.
For the given dataset the tSAB alone showed no supplementary ability to prevent occupant
injury, namely within the thoracic region. The previously mentioned NASS-CDS study
claimed a similar conclusion [Griffin et al. (2012)], and as did an Australian study [D’Elia
et al. (2013)]. A slight benefit for the occupants of vehicles with the deployed tSAB was seen
for thoracic-skeletal MAIS2+ injuries, yet the width of the confidence intervals suggested
that only a possible trend may be inferred and not a clear effect. Readers should interpret
the result with caution given the speculation that surrounds the accuracy of the medical
coding associated with AIS2 rib fracture injuries [Crandall et al. (2000); Yoganandan et al.
(1995); Yoganandan and Pintar (1998)]. The issue has been addressed in America with the
advancement of medical diagnostic tools, such as MRI and CT scans, however standard
procedure in Germany is to use x-rays. As such, the OR pertaining to the thoracic-skeletal
MAIS2+ injuries may be inevitably biased towards the underreporting of the rib fracture.
In the retrospective review of modern SAB-equipped vehicles involved in side impacts in
the American collision environment, Sunnevang et al., reported that the majority of collisions
incurring injury involved an oblique orientation of the target vehicle [Sunnevang et al. (2015)].
In GIDAS, the PDOF was determined using reconstruction software, which is also able to
calculate the amount of energy dissipated (either through ∆v or EES values). Although
the software is different to the WINSMASH program used for the NASS-CDS, Iraeus and
Lindquist highlighted the inconsistencies associated with the reconstruction software based
PDOF values and those obtained from Event Data Recorders (EDR) [Iraeus and Lindquist
(2014)]. While EDRs are readily available in the American vehicle fleet, the technology has
only become available for the German vehicle fleet in 2018. As the accuracy of the PDOF
values could not be verified, the influence of an oblique or pure lateral configuration was not
investigated. One of the quintessential differences between the American and European side
impact protocols for consumer testing is the collision constellation. The American program
attempts to simulate conditions where both vehicles have a velocity [O’Neill (2009)]. This is
achieved by the crabbed orientation of the barrier during impact which first impacts the rear
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doors. This indicates that the American impact orientation retains relevance with real-world
impacts and a correlation to the link between the purple bubbles in Figure 2.1. In Europe,
the struck vehicle is held stationary and struck in a pure lateral orientation. The barrier
consequently engages both doors and is a greater challenge for the lateral structure than the
American constellation. For this reason, such a test remains important and relevant, despite
not being evident in retrospective studies.
The presence of a front-row neighbouring occupant was mentioned in chapter three as
a variable which may influence the likelihood of injury. The Stigson and Kullgren (2011)
(2011) paper was limited in that injured body region could not be obtained from the database.
The Sunnevang et al (2015) study of American data commented that when an a fellow
front-row (far-side) occupant was present, the near-side occupant was at a 24% greater risk
of thoracic injury [Sunnevang et al. (2015)]. The reported p-value for this increased injury
risk was not statistically significant. This may be accountable to the small sample size, or
confounded by the authors using only thoracic injury which were classified as Not Further
Specified (NFS). The influence of a front-row occupant in the GIDAS data evaluated in this
chapter was too restricting on the matching process and did not return sample sizes which
warranted publication.
The study at hand compared injury risk for nearside occupants in 255 struck vehicles, of
which 121 were unique vehicle models with a tSABs. Despite the development of the tSAB
over the last few decades, its ability to protect the occupant’s thoracic region, for the given
sample of GIDAS collision, did not demonstrate an undeniable benefit. As the unit deploys,
it increases the amount of energy which has to be dissipated during the collision. Especially
given this occurs within close proximity to the occupant. The inability of the tSAB to provide
additional protection suggests that this increase of energy has not been sufficiently mitigated.
The study design of GIDAS does not investigate collisions where no injury was sustained
by the occupant. Therefore, if such a lateral impact was to occur (with tSAB deployment),
it would not appear in the database and thus, may contribute to the reason why no absolute
benefit was evident. This is why the weighting system has been integrated into NASS-CDS,
and remains a limitation of any GIDAS evaluation which assess a system’s ability to prevent
injury.
Over the time period of the data there were cars without tSABs that were never designed
for tSABS; cars with tSABS that were never designed for them but had them added later
perhaps to get through EuroNCAP; cars designed for tSABS but with fitting as an option only
and; cars designed for tSABS with tSABS fitted. This resulted in a population of vehicles
with varied structural designs. It is important that stiffness changes be accounted for a more
detailed analysis to derive additional effectiveness estimates.
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Another limitation associated with the presented study was that both single and multiple
vehicle collisions were queried from GIDAS. The sample sizes were not sufficiently large
enough to determine individual efficacy estimations per collision type with the GIDAS data.
The two different modes of impact often result in varying magnitudes of intrusion for the
same collision severity. Lateral impacts with narrow objects subject the side of the vehicle to
highly concentrated loading that is difficult to resist. Likewise, for a given impact with a tree,
its width would like influence the degree of intrusion. Thinner trees (if stable enough to not
snap on impact), load less of the vehicle structure than a wider tree, and for a fixed amount
of energy, would cause more intrusion. Similarly, an impact with a pole may cause the
pole to collapse, and result in less impact energy injected into bringing the vehicle to a stop.
Therefore, given the aforementioned collision incompatibilities of lateral impacts, further
work should separate the vehicle-vehicle and vehicle-fixed object collisions to determine a
more systematic estimate for airbag efficacy.
4.4 Chapter summary
The purpose of the research reported in the chapter was to conduct an initial analysis of MVC
from a German perspective and establish primary injury reduction estimates for the tSAB. It
was indicated that:
• The raw occurrence of serious thoracic injury in a lateral collision is a rare event.
– Yet, when thoracic injury was incurred, it was often to a serious magnitude.
– Given the sporadic occurrence of injury, the relative 95% confidence intervals
did not allow one to obtain statistically significant results.
• Within the GIDAS sample, the deployed tSAB did not provide an unequivocal benefit
in reducing the occurrence of thoracic injuries.
• Although not statistically significant, the coupling of the (head) curtain airbag with the
tSAB indicated exposed occupants were less vulnerable to injury, especially for HFN
injuries.
• Further work should separate the vehicle-vehicle and vehicle-fixed object collisions to
determine a more systematic estimate of tSAB efficacy.
– Ideally using a database which includes injured and uninjured occupants.
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Chapter 5
Thoracic Side Airbag Effectiveness in the
American Fleet
5.1 Introduction
Chapter four indicated that when assessing the general lateral collision envelope (in Germany),
the deployment of tSAB did not demonstrate a categorical benefit attributable to the relevant
occupant. Chapter five extends upon the analysis of the tSAB’s real-world effectiveness, but
recognises that broad generalisations of the side impact constellation may not be appropriate.
It isolates a frequently occurring collision constellation, vehicle-vehicle impacts, and attempts
to further quantify if any benefit can be attributable to the deploying tSAB. The research
reported in the chapter assessed the American collision environment and expands upon the
methodology used in the previous chapters. Specifically, the chapter reports research which:
• Developed a predictive model describing how the risk of thoracic injury changes with
increasing collision severity,
• Accounts for the projection of raw events (recorded in the database) to national
estimates, and
• Takes into account a different measure for collision severity
to determine risk of injury between exposed and unexposed occupants.
5.2 Injury Risk Curves
To assess the efficacy of Advanced Driver Assistance Systems (ADAS) and to encourage
the optimization of active and passive safety systems, a thorough understanding of the
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vehicle-to-occupant interaction during the collision environment is needed. For this one can
investigate MVC databases (which attempt to describe the chronicles of collisions with a wide
range of collision-specific parameters) to develop predictive models. These consequently
describe the human tolerance to injury with field-derived injury risk curves (or functions).
As mentioned in Chapter three, these are statistically derived estimates of the probability of
injury for a given population associated at various levels of stimuli [Prasad et al. (2010)].
The main benefit of using collision databases to form risk curves lies in the conversion of
observed accidents into quasi-experiments. Thus one can differentiate the tSAB deployed
collisions from those without and regard each as individual observations. Developing tSAB-
differentiated models allows for the evaluation of occupant protection systems over the entire
collision spectrum.
Aim
The aim of the study was to derive MAIS3+ injury risk curves for the thoracic region as
described by vehicle-vehicle lateral impacts in NASS-CDS. Parametric injury risk curves
assuming a Weibull distribution were developed for populations consisting of nearside, front-
row occupants. Once generic injury risk curves had been developed for lateral impacts,
they were further stratified according to deployment of the tSAB. In doing so, one could
obtain estimates for the benefits associated with tSAB deployment over a range of collision
severities.
Resources
Data from the NASS-CDS, years 1999–2014, were used to develop the injury risk functions.
All struck vehicles required a model year of 1999 or later. This would eliminate the less
structurally sound vehicles produced prior to US-NCAP. Preliminary filtering of collisions
required a nearside, front-row seated, adult occupant73 who was travelling in a modern
vehicle74 and involved in a vehicle-vehicle lateral collision. The struck vehicle required a
PDOF between 45-135° or 225-315°. Applying the filtering resulted in 4,257 raw collisions
from NASS-CDS. The Venn diagram shown in Figure 5.1, depicts how additional criteria
were applied to filter the initial 4,257 impacts75. The central value indicates that 2,455 events
73Occupant aged younger than 16 were excluded because of their different biomechanical susceptibility
[Arbogast et al. (2005)]
74As per the vehicle design year > 1998 requirement (see footnote 33)
75Changes in the manner which data was collected were implemented in 2009 to NASS-CDS [NHTSA
(2010)]. This included limiting the medical data collected for occupants seated in vehicle models >10 years at
the time of collision. These collisions were consequently excluded from the study.
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Fig. 5.1 How only appropriate vehicle-vehicle lateral impacts were obtained from the initial
4,257 raw collisions.
complied with the five filter criterion factors. Additionally 145, 784, 219, 45 and 92 collisions
met four of the five requests.
Applying the aforementioned criteria resulted in 2,455 raw lateral impacts in NASS-CDS
as indicated in Figure 5.1. The Venn diagram indicated that the most substantial amount of
collisions were lost due to the lateral change of velocity, ∆vlat , not being calculated, reducing
the dataset by 784.
Within the NASS-CDS database, vehicles are recorded as having either a frontal or other
airbag deploy. This other airbag may include for example, one or a combination of the
following, thorax, head-curtain or knee airbag. All cases with a deployed secondary airbag
had their photos inspected to confirm the presence of a deployed seat - embedded tSAB.
Vehicles with the units housed within the door cavity were removed as these may not offer
full occupant coverage. Those vehicles where only the head airbag deployed, were not
considered in the tSAB deployed cohort. Events including rollover were excluded.
Reviewing US-NCAP crashes indicated that the tSAB did not always deploy prior to
impact76. The energy in such an impact is always fixed, therefore the failure to deploy can
be assumed as a system failure. One may assume this was due to a recognition error with
the sensors. Failure of the tSAB to deploy in the field may result from inadequate quantities
of sensors, and/or bad positioning leading to suppressed deployment in the presence of a
longitudinal signal. As injury risk was of concern (given the condition that an MVC had
occurred), the inclusion of fail-to-deploy collisions was deemed sufficient.
76Appearing in Chapter 6
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Injuries of Interest
The primary purpose of the tSAB is to provide a protective cushion between the occupant and
intruding door structure. As a result, for a fixed collision severity, exposed occupants should
be at a lower risk of injury than those unexposed to the airbag. Once again, the occurrence of
thoracic injury was of primary concern in the study. Injuries to the thoracic region include
those enclosed within the bony thorax (the full cage), thoracic vertebrae and the lower limit
diaphragm.
Occupant injury severity was measured as a function of Abbreviated Injury Scale (AIS).
The outcome of interest were those occupants incurring a serious severity or greater injury
to the thoracic region (Tho.MAIS3+), as listed in Table B.1. Collisions from NASS-CDS
were collated from 1999-2014, however during this period updates were implemented to the
coding system. NASS instituted the AIS 2005-08 codes in 2009. Previously all injuries were
coded according to AIS 1990-98 Update codebook [AAAM (1998)]. The collisions with the
more recent injury scaling were coded with the AIS98-translation [AAAM (2008)].
Methods
During a side collision, the lateral component, ∆vlat is the best correlation of the crash
severity77. Thus, the measure of energy dissipation was chosen as the stimulus for injury
causation.
A reoccurring issue mentioned in the previous sections was the need to account for the
senior population and their increased susceptibility to injury relative to a non-senior occupant,
especially the bony thorax. Specifically for thoracic injury risk curves in lateral collisions,
an ISO document outlined that different functions need to be developed to account for the
vulnerability to injury of the senior population [ISO (2013)]. As the analysis implemented
NASS-CDS events, a sufficient sample size could be obtained to highlight the increased
susceptibility to injury. We extend upon the discussion regarding the compliance of the
occupants thorax as reviewed in Chapter Four. Stitzel and colleagues developed statistical
modelling to predict a threshold limit for which age becomes an significant contributor to
mortality [Stitzel et al. (2010)]. They demonstrated that when considering rib fracture, the
most predominate thoracic injury at the AIS3+ level [Sunnevang et al. (2015)], the limit of
increased injury susceptibility was 67–70 years. Consequently, two cohorts were formed to
separate the senior and non-senior populations at an age of 67.
77See Footnote 12 & 28
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Survival Analysis
As demonstrated by McMurry and Poplin, survival analysis techniques shall be favoured over
traditional logistic regression methods to develop the predictive model [McMurry and Poplin
(2015)]. Therefore, the methodology outlined in Section 3.4 was implemented. Each survival
model was conformed to account for occupant age whereby age was treated as a continuous
variable and assumed a linear shift when predicting injury. In doing so, the parameterisation
of the curve could estimate a function of any given age. In parallel to the ISO document
which suggests assessing the senior and non-senior populations, curves were to be generated
for the ages of 45 and 67 years. Additional curves would be developed to highlight the linear
influence of occupant age. Injury risk curves were developed for general lateral collisions
before being further separated by tSAB status.
Discussed in depth thus far, the human ability to withstand trauma is a product of
many physiologic factors such that as the body ages, it becomes more susceptible to injury.
Specifically related to bone fracture injuries, blunt force tolerances decrease substantially for
the senior population. Zhou et al., (1996) revisited a series of experimental results (using
PHMS data) to effects of age on thoracic injury tolerances. The authors concluded that
maximum bone strength was obtained at an age between 25-30 years, but strength decreases
for ages between 60-70 years. Given the exploratory nature of the thesis, the non-senior
group was further separated at 33 years to further investigate the influence of age on injury
susceptibility for general vehicle-vehicle side impacts. The supplementary analysis appears
in Figure C.1, Appendix C.
Using raw collisions
With respect to survival analysis with weighted data, the asymptotic theory is substantially
more complicated than for generalized linear models, and is still an active area of research
(Lumley, 2011, p.171), as such the use of raw data was deemed sufficient for the analysis.
Imputation
The Venn diagram in Figure 5.1 indicated that the most critical criteria in the filtering of
collisions were those events missing ∆vlat values. Consequently, to increase the sample size,
it was proposed that the missing values may be imputed from similar collisions. All ∆vlat
values from the database were determined by the WINSMASH algorithm, however aspects of
the collision often violated its calculation. Additionally, the algorithm was able to calculate
other estimations of the collision severity, such as the Barrier Equivalent Speed (BES).
67
Thoracic Side Airbag Effectiveness in the American Fleet
It was noted that some of the laterally struck vehicles did not have a ∆v calculated,
however, they did specify a range of estimated ∆v that were probabilistic to contain the true
value (within 10kmh−1) as well as a BES value. Calculation of the BES does not require
information from the collision partner, however this information is required for the calculation
of ∆v Sharma et al. (2007). Thus, accounting for the above mentioned relationship. Therefore,
it was proposed that the missing ∆v values could be imputed from a similar severity collision
if a given criterion was met. The value of ∆v was only imputed if, the equivalent collision
was within the estimated range of ∆v for the unknown vehicles and the BES was equivalent.
Using a series of predetermined confounding factors, similar collisions could be paired to
obtain the required ∆v values. An understanding of the WINSMASH package and the manner
in which it calculates the outputs would bring to light the crucial information for which
collisions could be paired. The software uses vehicle damage measurements, vehicle-class
categories and longitudinal stiffness estimates. Esfahani identified that vehicle longitudinal
stiffness had increased over the last two decades [Esfahani et al. (2011)], therefore the model
year and type of body must be included as matching variables. In additional the principal
direction of force, the extent of damage and the BES were used to pair collisions. This
returned a series of paired collisions with corresponding ∆v values. These were individually
inspected to ensure they were within the estimated range of ∆v. When this test was passed,
the unknown values were imputed.
Results
Imputation
A total of 100 collisions were obtained an imputed ∆vlat value was calculated. Eighty-six
were non-senior occupants, of which 29 suffered Tho.MAIS3+ injuries, meanwhile the senior
population was increased by 14, eight whom of which were injured. To clarify to what
extend the curves were influenced by the imputed values, plots were created. Appearing in
Figure 5.2, the plots show the original curves developed prior to imputation in solid black
with corresponding confidence intervals, the dashed lines represent the secondary models
generated post imputation. The dashed lines remain within the 95% CI of the original model,
therefore, it was assumed minimal bias was impeded by imputing the ∆vlat values. All
consequent analysis therefore, included the imputed values.
Generalised lateral collisions and the vulnerability of seniors to incur injury
Injury risk curves were developed for the senior and non-senior populations at the thoracic
MAIS3+ (Tho.MAIS3+) injury severity. The analysis in Figure C.1 (and Table C.1), indicated
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Fig. 5.2 The bias associated with imputing the ∆vlat values. The non-senior population (l)
and senior population (r) appear. The solid lines represent the risk curves developed taking
the original values and the dashed lines are those with the imputed values.
that the influence of age, within the non-senior population (represented by the relevant NASS-
CDS collisions), did not substantially influence occupant vulnerability to injury. Thus, it was
assumed to at least engender minimal bias in the subsequent analysis of non-senior collisions.
The raw data resulted in models that are shown in Figure 5.3a-b). The grey regions
indicate the 95% confidence intervals for the Tho.MAIS3+ injury and the histogram show
the counts of individuals sustaining an injury within ∆vlat intervals or not. The green bars
represent the non–injured population. In Figure 5.3a-b), the distributions of uninjured
occupants yield typical Weibull characteristics. The red bars represent the those incurring
injury. In Figure 5.3a), the shape appears to exhibit Gaussian distribution behaviour.
The dashed lines show the influence of age within the model for both cohorts. An increase
in occupant age, results in greater susceptibility to injury in both the non–senior and senior
populations. The curves have been summarised in Table 5.1.
The presence of a SAB airbag
The bottom two graphs in Figure 5.3, c–d) describe the influence a deployed tSAB has on
the risk of occupant injury (Tho.MAIS3+). The injury risk curves for the elderly population
indicate that deploying SAB has no influence in reducing risk of occupant injury. The
parametrisation of the curve for the non-senior suggested a slight protective effect for the
tSAB deployed vehicles became apparent at crash severities with ∆vlat > 30kmh−1, however
the 95% CI did not differ. Below this severity, the curves exhibited similar forms. The crash
severities associated with injury percentiles are summarised in Table 5.1.
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Fig. 5.3 Risk curves developed using survival analysis. a–b) Tho.MAIS3+ risk curve for the
non-senior and senior populations with histograms showing the distribution of injuries and
non-injuries across the crash severity, c–d) Tho.MAIS3+ risk curve as per tSAB availability
for both populations, n is the injured population and N is the total population within each
sample.
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Table 5.1 Summary table for the risk curves developed in Figure 5.3 c–f). Impact severity
measured in terms of ∆vlat , where all values are specified in kmh−1.
%ile Tho.MAIS3+ 95%CI
tSAB No tSAB
deployed deployed
Non-Senior
Age:45
10th 22.1 20.7–23.6 21.4 22.3
25th 32.1 30.4–33.8 32.7 31.8
50th 44.4 41.6–47.5 47.4 43.2
75th 57.5 52.7–62.6 63.6 55.1
Senior
Age:67
10th 17.6 14.3–21.6 18.7 17.3
25th 26.2 21.8–31.4 27.3 25.8
50th 37.1 30.2–45.5 37.9 36.8
75th 48.8 38.2–62.3 49.1 48.5
5.3 Module Discussion
Age cohort Curves
Consumer testing of lateral impacts generally occurs with a ∆vlat of 20− 35kmh−1 for
barrier impacts [Sunnevang et al. (2010)]. When considering the predicted curve as a point
estimate, within the bounds of consumer testing a predicted 40% risk of Tho.MAIS3+ for
the senior population and a predicted risk approaching 30% for the non-senior population
are achieved. The distribution of thoracic injuries in the non-senior populations appears to
exhibit a non-skewed, symmetrical distribution where the greatest number of injuries occurs
at the upper bounds of the consumer test. Inversely, the impact severity that corresponds to
the largest number of non-injured occupants was at severities below consumer test limits.
This would provide reason to increase the (lateral) test speed in an effort to reduce the
prevalence of real-world non-senior occupant injuries78. On the other hand, the distribution
of injured senior occupants appears more shallow with no noticeable peak in injuries at any
given collision severity interval. The relative percentages of occupants incurring injury were
greater in the senior population (21% senior and 10% non-senior). Whilst the elderly are
more susceptible to injury, the frequency of injury was not as apparent as the non-senior
population. This emphasizes the trade-off problem faced by vehicle engineers. Should they
account for the more susceptible injured population or the population with greater frequency?
The senior population will account for the largest increase in driving population in the not so
distant future as the baby boomers age [Yoganandan et al. (2005)]. Parallel to the increasing
78An initiative that will be phased into new Euro NCAP testing protocols by 2020 with an increased impact
speed [van Ratingen (2017)]
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numbers of the senior population, is their willingness to drive. This was shown in a review
of the American driving market which indicated that approximately 19 million senior79
licensed drivers existed in 2000, an increase of 36% from the previous decade - with similar
projections expected for the forthcoming decades [NCSA (2001)].
The general curves for the senior and non-senior population present different results to
those reported in a similar study [Sunnevang et al. (2010)]. This was most likely attributable
to a different methodology and the non-use of the collision weighting factors. The Sunnevang
et al. (2010) study used logistic regression, which was less favoured by McMurry and
Poplin80 (2015). Additionally, when using survival analysis a level of complexity arises in
calculating confidence intervals as mentioned in the Section 5.2.3. If one were to account
for the larger proportion of lower severity collisions, it would be expected that the curves
parametrise in a manner where they remain flatter over an extended ∆vlat range. The slope
would exhibit a steep increase at a given ∆vlat value. Nonetheless, the 50th %ile for both the
senior and non-senior populations only differed by a few kmh−1, with greater tolerances
(higher 50th %ile collision severities) associated with the results in the presented study. The
most likely cause of the slight differences was that Sunnevang et al., included vehicles with
design years prior to 1998. As our study excluded vehicles with design years prior to 1999,
the increase in ∆vlat tolerances was likely attributable to improved self-protection associated
with the introduction of US–NCAP. Therefore, a supplementary analysis was conducted in
which vehicles were separated by vehicle year, ignoring any influence of the tSAB.
New Tho.MAIS3+ injury risk curves were developed for 1999-2004 and 2005-2015
model year vehicles81 and appear in Figure Appendix C.2 . The curves indicated that
the predicted risk of injury at the 10th %ile was statistically significant at the 5% level.
Additionally, an observable lateral shift in risk curves was seen for the newer vehicles -
the affect we expected to see for the tSAB vehicles. Such results infer that the level of
protection provided by a late-model post-US NCAP vehicle exceeds that from an early-model
post-US NCAP vehicle. This finding complements Figure 3.1, that vehicle crashworthiness
standards have been continually improved and greatest protection is afforded to the latest
model vehicles.
In keeping with the ISO document, risk curves were developed for an occupant aged
between 45 and 67 years. Secondary curves were developed for age offsets, to highlight the
linear effect of age within the two groups. The curves described in Figure 5.3a-b) and Table
5.1, indicated that statistically significant results were not obtained due to the overlapping of
the confidence intervals. This was solely attributable to the ages selected - as an occupant
79In this study, the senior population were those aged 70 and older
80Discussed in Section 3.4
81According to the VIN
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aged 67 encapsulates the lower age limit for the senior population. The linear effect of age
shows the magnitude of model shift for an occupant aged 82. The amount of shift between
the solid and dashed lines would be mirrored in the confidence intervals. Thus, for ages
greater than 67 years, it would become apparent that the senior population exhibit greater
susceptibility to injury for a given crash severity than an occupant aged 45. This remains
a limitation of the ISO document which outlined the definition of 67 years. Reasoning for
selecting the age was due to its association as the median PMHS age used for the development
of World SID injury risk curves. In defining such an age, it may not encapsulate the greater
susceptibility to injury that is associated with the senior population.
Airbag deployment
The analysis considers the risk curves based on the raw events which are recorded in NASS-
CDS and does not account for the associated weighting factors for the previously mentioned
reasons.
The primary purpose of this study was to investigate the efficacy of the deploying thoracic
side airbag (tSAB) in preventing serious thoracic injury. It would be expected a visible shift
to the right82 for the airbag curves relative to the vehicles without this technology. Such a
result would indicate that occupants have greater tolerance to crash load with the presence
of a deployed tSAB. Yet it is well established, this passive safety technology increases the
energy that must be dissipated during a collision.
When considering the non-senior population, the curves did not differ until a severity
of ∆vlat > 30kmh−1 was attained. One must acknowledge that collisions at this severity
seldomly occur, as indicated by the histogram in Figure 5.3a). Above this severity a slight
positive effect in the injury risk became apparent for the occupants exposed to the deployed
tSAB. Yet the results were not conclusive as confidence intervals were overlapping. The
parametrisation of the curves suggested a protective-trend may be apparent, however the
overlapping confidence intervals only allowed for interpretation of a possible trend. For
severities exceeding ∆vlat > 60kmh−1, curves trended towards similarity once again, where it
was expected that injury, at the MAIS3+ level, was inevitable at such high collision severities.
The acutely similar curves predicted for lower severity collisions (∆vlat < 30kmh−1),
indicated that occupants were at equal risk of injury. Reasoning that the curves did not
differ may be attributable to the greater presence of pioneering tSABs first available in the
vehicle fleet. Of which, the geometry, pressurisation and other characteristics have since
been continuously improved and designs optimised. A study compared the breakout times of
different geometric side airbags and indicated that those enclosed within a casing appeared
82Similar to that seen in Figure C.2 when vehicle were separated on vehicle year
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more quickly than those which deployed through the seat seam [Balavich et al. (2011)].
These designs are now less favoured than those which deploy through the seat upholstery.
Aside from a manufacturing cost perspective, the units enclosed within a casing, may have
additionally been phased out of production. Furthermore, as the casing itself opens during
deployment, it has the possibility as being attributable to an association of injury.
Retrospective analysis, despite accounting for only post-US NCAP vehicles, consisted
of vehicles that were designed almost two decades ago. The results nonetheless, did not
indicate additional thoracic injury mitigation ability associated with the deployed tSAB.
This does raise some initial concern, as the vehicles with the deployed tSAB are generally
newer vehicles, which are assumingly stiffer [Lee et al. (2014)], thus one would expect a
noticeable shift in risk of injury favouring the exposed occupants. However, this was not
evident suggesting that despite the stiffness increases, energy mitigation associated with
airbag deployment is not being sufficiently executed.
When considering the senior population, the curve suggests the tSAB showed no ability
to prevent serious thoracic injury. Given the rate of change for the predicted injury risk curves
over ∆vlat = 20−45kmh−1, the results infer that risk of injury was primarily dependent on
∆vlat . Griffin et al. (2012) suggested that the seniors may be more susceptible to injury when
the airbag deploys, however, was not evident from the curves. The reason may be that the
authors also used collisions from a secondary database (CIREN database) which is biased
towards severely injured occupants or the use of raw events. Yet, if one were able to truly
account for the stiffness changes associated with the fleet, one may expect such a trend to be
evident.
5.4 Weighted Injury Risk
Aim
When using NASS-CDS collisions, each event can be projected to be nationally representative
using a complex weighting system. This is because the database is a representative sample of
all crashes that occur in a given year in the United States and has one published and accepted
weighting concept [Zhang and Chen (2013)]. The aim of the section was to report any any
further any benefit associated with the deployed tSAB to prevent serious thoracic injury,
when accounting for the associated collision projection values. The same outcome of interest,
Tho.MAIS3+ injury, was investigated and again ∆vlat was used as the independent variable.
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Resources
A similar selection criteria as that outlined in Section 5.2 was used. Again the senior and
non-senior population was separated at 67 years.
Methods
To quantify the benefit associated with the tSAB to prevent serious thoracic injury, the risk of
Tho.MAIS3+ injury was obtained. The risk value was calculated by dividing the number of
occupants incurring serious thoracic injury by the number of occupants with a known injury
status (MAIS0+ and fatal). The value quantifies the risk that an occupant incurs injury, given
they were involved in such a MVC. Risks were separated according to the availability of
tSAB and further stratified into collision technical-severity intervals (∆vlat). In the event of
a lower risk of injury associated with the tSAB deployed vehicles, this would support the
ability of the tSAB to dissipate and distribute the impact forces. MVC databases are known
to have localised peaks of ∆v at intervals of 5 and 10kmh−1, therefore collision-severity
intervals were developed to contain only one 5 and 10 value per bin. Figure 5.4 describes how
the peaks at the 5’s and 0’s kmh−1 are overspilled to the neighbouring bins, and supports the
use of the previously mentioned ∆vlat intervals.
Fig. 5.4 Count ∆v peaks generally occur at factors of 5 in collision databases. By defining
bins to include only one 5 and 0 value, the distribution of peaks is overspilled amongst the
neighbours.
Weighted data
The risk of injury was determined by dividing the number of occupants who had incurred a
serious thoracic injury by the number of occupants within the study. All calculations were
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based on weighted values using survey analysis techniques (survey package in R) [Lumley
(2004)]. Risks and standard errors were obtained from a study design which accounted for
the two-phase PPS sampling. Directly, Equation 5.1 demonstrates the syntax required in R.
svydesign(id = PSU, strata = PSUST RAT, weights = RATWGT, data = xyz) (5.1)
Equation 5.1 specifies the one-stage approximation to a multi-stage design (Lumley, 2016 -
personal communication). Cases with weights exceeding 5,000 were excluded in attempt to
minimise the width of standard errors, as outlined in another NASS-CDS analysis [Kononen
et al. (2011)]. It was foreseeable, given the detailed nature of collision filtering, that not
all PSUStrata’s would have contained sufficient clusters of events. Therefore, the function
survey.lonely.psu (survey package) was integrated where appropriate to account for the
variance estimation when only few collisions were present within each PSU. A total of
2,292 raw collisions were projected to 687,376 collisions. Of which 491 had a tSAB deploy
(128,279 weighted) and 1,975 did not have a tSAB (598,678 weighted). The distribution of
collision weighting factors is shown in Figure 5.5, separated by tSAB status. The figure on
the right zooms in on a y-axis interval of 0-500, as a series of outliners cause a distortion of
the y-axis in the left graph. The overlapping boxplots between the tSAB vehicles and not
indicated that no significant differences in collision weighting factors exist.
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Fig. 5.5 The distribution of collision weighting factors as described by a boxplot graph. The
vehicles are separated according to their tSAB status. The left graph shows all collisions
weights, whilst the right zooms in on the yellow region.
All boxplots presented in this report are presented in the Tukey style [McGill et al. (1978)].
The median value is depicted as the center line within "the box", as per any standard boxplot.
The box, or lower and upper hinges correspond to the first and third quartiles (the 25 and
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75th percentiles), and are referred to as the interquartile range (IQR). The whiskers extends
from the each hinge to the largest/smaller value no further than 1.5× IQR. Data beyond the
end of the whiskers are categorised as "outlying" and consequently plotted individually.
Results
Table 1 and 2 (pg 81) summarise the risk of serious thoracic injury (Tho.MAIS3+) by tSAB
availability for the senior and non-senior population. The risks marked with asterisks are
those obtained by using the survey.lonely.psu function. No occupants were injured in the
interval (1,5]kmh−1 and thus were excluded from the analysis. Figure 5.6 plots the estimated
injury risks (with points) and error bars (±1SE). The y-axis was plotted on a logarithmic
scale to account for the non-linearity relationship of risk and ∆vlat . Within the (15,25]kmh−1
and (35,45]kmh−1 intervals the risk of Tho.MAIS3+ injury for the non-senior population
exposed to the deployed tSAB was 48% and 39% lower than the unexposed. Yet, due to the
overlapping error-bars the reduction was not evident (with: risk=0.0104*83, [0.0048-0.0161];
83Asterisk indicates that result was obtained from the survey.lonely.psu function
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Fig. 5.6 Weighted injury risk by collision severity and tSAB availability. The larger dots
and crosses represent injury risks for the Non-Senior and Senior populations respectively.
The red relationship demonstrate the risk for the tSAB exposed occupants and black for
the unexposed. Error bars were calculated by risk ±SE. Note the log-transformation of the
y-axis.
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without: risk=0.0201, [0.0150-0.0252]) and (with: risk=0.1536*, [0.0696-0.1348]; without:
risk=0.2500*, [0.0932-0.2141]). Between (25,35]kmh−1 injury risk did not distinctly differ
for the non-senior population.
For the senior population, their increased vulnerability to injury was most evident within
the (15,25]kmh−1 interval as both exposed and unexposed (to the tSAB) occupants were at
greater risk of injury than the non-senior counterparts. Despite the low quantity of collisions
in the raw dataset, the exposed senior population yielded a significantly greater risk of injury
than the unexposed senior occupants for (35,45]kmh−1 collisions (with: risk=0.7025*,
[0.6498-0.7552]; without: risk=0.2262*, [0.0872-0.3652]).
5.5 Module Discussion
Generalised lateral collisions and the vulnerability of seniors to incur injury
The risk of Tho.MAIS3+ injury did not differ for the senior and non-senior population for the
25-35kmh−1 ∆vlat interval. The senior population however were at a significantly greater
risk of injury when impact severity was between 5-15 and 15-25kmh−1. This demonstrated
that the senior population were more vulnerable to injury at lower collision severities than
the non-senior population. This is most likely attributable to their greater susceptibility to
rib fracture. In fact, for the senior population, the risk of injury did not differ between the
15-25 and 25-35kmh−1 intervals. As these groups had sufficient quantities of raw cases,
such a result infers that vehicle design engineers need to consider the vulnerability of the
senior population to injury in lower severity collisions when designing vehicle safety systems.
In a similar retrospective study of NASS-CDS data, it was demonstrated that in order to
reduce senior fatalities, the protection level within severities currently tested should be
increased [Sunnevang et al. (2009)]. Whilst the presented graphs did not focus on fatalities,
a similar conclusion was obtained. That being, to reduce serious thoracic injuries in the
senior population, vehicle crashworthiness standards need be improved within and just shy of
severities currently tested. Yet, again the same moral dilemma arises for the vehicle designer,
where any improvements need to be traded-off the actually frequency of the collisions in the
real-world. Within the 15-25 and 25-35kmh−1 bins, the senior population are involved in
one in every five collisions at these severities.
An indistinguishable risk for the two populations was incurred for the 25-35kmh−1
interval, where on average one in five occupants incurred a Tho.MAIS3+ injury. This interval
corresponds to that tested in the US NCAP barrier test. As the risk of injury did not differ
between the groups, it would be suggested to increase the severity (either through barrier
weight or impact velocity) to achieve a better safety standard in the field. Crash dummies
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measure Tho.MAIS3+ injury risk and results are generally much lower than a 20% risk of
injury (discussed further in Chapter 6).
Airbag deployment
The non-senior population exposed to the deployed tSAB were at a lower risk of injury
than those without exposure for a 15-25kmh−1 collision severity. Yet, the reader must
acknowledge the overlapping standard errors, suggestive of a non-significant statistical
conclusion. The analysis should explore any reason why this behaviour was incurred. Figure
5.7 shows the distribution of target vehicle year per tSAB group. The median vehicle year
for the with tSAB and without tSAB was 2002/2003 and 1999 respectively. A Wilcoxon rank
sum was used to compare the median values of vehicle year in the two groups. The results
indicated that the null hypothesis, being that target vehicle year was equally distributed
between the two groups, could rejected at the 5% level (Wilcoxon’s rank sum , W=172876,
p-value <0.0001). In other words, the distribution of vehicle year was different between the
two groups. Therefore, reasoning for the (almost significant) difference in injury risk at the
15-25kmh−1 bounds was likely attributable to the increased lateral stiffness of the target
vehicle. The injury risk curves developed in Figure C.2, which separated the cohorts based
on target vehicle year showed a significant difference in injury risk even though only raw
counts were used. As such, no direct evidence can be found which demonstrates that the
deployed tSAB provides additional protection to the nearside occupant.
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Fig. 5.7 Distribution of target ve-
hicle year for ∆vlat 15-25kmh−1
interval, per tSAB group.
The senior population exposed to the tSAB were at
a significantly greater risk of Tho.MAIS3+ injury than
those not. This supports the conclusion from the Griffin
et al. (2012) study. Figure 5.8 illustrates a series of
descriptive plots which investigate reason as to why the
exposed senior population may have been at greater risk.
Given the relative small raw sample sizes no further sta-
tistical tests could be meaningfully implemented. The
senior occupants with the tSAB were seated in newer
vehicles, however no substantial differences were seen
in the distribution of target or bullet vehicle years and
type of bullet vehicle. Thus, in the event of a high sever-
ity impact where the tSAB deploys, the data available
indicated that the senior occupants are at greater risk of injury than if the tSAB was not
present. Despite the low number of raw cases, they were projected to national estimates. The
complex weighting scheme of NASS-CDS was designed to account for the probability-based
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Fig. 5.8 A series of descriptive statistics for given collision involving the senior population
with ∆vlat 35-45kmh−1. On the left, is a boxplot for the distribution of taget vehicle year, in
the middle is a similar plot but uses the bullet vehicle year, and to the right is the distribution
of target vehicle type.
survey approach. Either the sample design is adequately meeting this goal or it isn’t. The
aim of this subchapter was not to evaluate this, only to implement the weights assuming their
correct evaluation.
5.6 Accounting for intrusion
It has been well established that two important factors for the occurrence of injuries in side
impacts are the crash severity and intrusion. Previous work has assessed injury risk from the
perspective of ∆vlat . In the opening section of the chapter it was acknowledged that broad
generalisations applied to the side impact constellation may not be appropriate. Therefore,
the analysis shifts focus from using ∆v as the independent variable and assess the change in
injury risk from the perspective of intrusion.
Aim
Prior to the arrival of the tSAB into the vehicle fleet was the intruding door panel identified
as the leading associative factor of injury. Thus, if a homogeneous body of MVC were to
be obtained, in which the cause of thoracic injury was attributed to the intruding vehicle
structure, then a value for the tSAB effectiveness could be estimated.
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Resources
A similar population of nearside, front row occupants were obtained to that outlined in
Section 5.2 and 5.4. The analysis focused only on the non-senior population from the
NASS-CDS. Griffin et al. (2012) indicated an increased risk of thoracic injury for the senior
population, while those aged between 25-49 may have experienced a thoracic-associated
benefit. Within this section, the requirement for a ∆v value was relaxed and replaced by an
intrusion measurement. The degree of intrusion was identified by the Extent of Damage
(EoD)84. Inclusion into the study required that the target vehicle to incur EoD between groups
2 and 4. This corresponds to static intrusion varying from the window to the middle of the
near-side seat. The range of intrusion was assumed to comprise of sufficient populations of
occupants with and without injury in a collision. Additionally, injury data was reviewed to
ensure the intruding door structure was attributable as the associated mechanism of injury.
Methods
Serious thoracic injury remained the outcome of interest. Extending upon the methodology
discussed in Chapter 4, the vehicles with the deployed tSAB (exposed) were matched to
similar vehicles without the deployed tSAB (unexposed). A cohort of similar MVC could be
subsequently obtained and injury risks compared.
A total of 838 collisions were obtained from the NASS-CDS sample and were stratified
into cohorts of EoD (intrusion)- and tSAB availability groups. Front-seated occupants who
had a tSAB deployed were matched to front-seated occupants who had no SAB available
on the basis of occupant age (± 5 years), bullet vehicle type (vehicle, SUV, LTV), PDOF,
occupant seating position, number of doors (3/5 doors), target vehicle model year (± 2 years),
sampling weight (< 2,500) and EoD. Accounting for the model year ensured that extreme
pairs of early and late model year vehicles would not occur - such that the pair of vehicles
were assumed to exhibit comparable lateral stiffness coefficients. Matching by sampling
weight ensured that equally severe MVC were paired because of the oversampled severe
events in NASS-CDS [Ma et al. (2013)]. The tSAB deployed collisions were paired on
a 1:n basis. Analysis initially ignored occupant belt status. The robustness of the model
was investigated by adjusting the matching criteria. Supplementary analysis accounted for
occupants with similar belt statuses and age cohorts. Cohorts of age were defined at 33 years
as maximum human bone strength in obtained between ages 25-35 [Zhou et al. (1996)].
For each EoD group the percentage of the injured (Tho.MAIS3+) occupants was com-
pared for the tSAB availability groups by diving the number of occupants injured by the
84As used in Section 3.2
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subpopulation (total within each EoD and tSAB status group). Confidence intervals for the
injured population were obtained using a Clopper-Pearson estimation [Clopper and Pearson
(1934)].
Results
Table 5.2 compares the percentages of injured occupants (Tho.MAIS3+) with and without
the deployed tSAB at different levels of static intrusion, ignoring belt status. Table 5.3
summarises the results from a similar analysis however accounts for occupants with the same
belt status. For any given intrusion depth, the percentages of occupants injured between
tSAB availability does not significantly differ. The analysis does exhibit a distinguishable
difference in injury risk when one shifts between the intrusion groups.
The influence of occupant age was investigated in Table 5.4, where matching was
completed without considering seat belt status. The percentages of occupants injured and
their associated confidence intervals did not differ between the age groups of those exposed
and unexposed to the deployed tSAB. For the different age stratifications results indicated
that the more senior occupants (33≤ Age≤ 66) were more vulnerable to injury within each
intrusion category than the younger occupants (16≤ Age≤ 33). This result however, was
not statistically significant given the overlapping confidence intervals.
Table 5.2 The percentage of Tho.MAIS3+ injured subjects within each subpopulation of
intrusion and tSAB availability. Ninety percent confidence intervals are shown in the square
brackets. Ignoring seat belt status.
Ignoring seat belt status
EoD n
tSAB
deployed
tSAB not
available
EoD2 147 3% [1-7%] 3% [1-7%]
EoD3 130 17% [12-23%] 16% [11-22%]
EoD4 12 - -
5.7 Module Discussion
The results obtained when considering the intrusion intervals as the measure of collision
severity indicated a series of distinctive trends. For each subsequent iteration in intrusion, the
risk of serious thoracic injury significantly increased. This effect was statistically significant
for the matched cohort where belt status was not considered (and the sample size was the
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Table 5.3 The percentage of Tho.MAIS3+ injured subjects within each subpopulation of
intrusion and tSAB availability. Ninety percent confidence intervals are shown in the square
brackets. Accounting for seat belt status.
Considering seat belt status
EoD n
tSAB
deployed
tSAB not
available
EoD2 102 4% [1-9%] 4% [1-9%]
EoD3 94 15% [9-22%] 15% [9-22%]
EoD4 - - -
Table 5.4 The percentage of Tho.MAIS3+ injured subjects within each subpopulation of
intrusion, age cohort and tSAB availability. Ninety percent confidence intervals are shown in
the square brackets.
EoD Age Strat. n
tSAB
deployed
tSAB not
available
EoD2
16≤ Age≤ 33 82 0% [0-4%] 1% [0-6%]
33≤ Age≤ 66 58 7% [2-15%] 7% [2-15%]
EoD3
16≤ Age≤ 33 68 12% [6-20%] 10% [5-18%]
33≤ Age≤ 66 48 29% [19-42%] 29% [19-42%]
largest). This was evident by the non-overlapping confidence intervals. Such a result supports
the theory that more severe injuries are correlated with greater exposure, as discussed in
Chapter 1.5. Sample sizes were not sufficiently large enough to test the hypothesis for the
greatest intrusion interval. It would be expected that occupant injury risk is much greater, the
reader must acknowledge that the prevalence of these collisions is much less.
Returning to the primary aim of the Chapter, the analysis can also be used to evaluate
the efficacy of the tSAB by reading across the rows in Tables 5.2 and 5.3. Sections 5.2 and
5.4 had yet to show an unequivocal benefit attributable to the deployed tSAB. It was hoped
that by considering intrusion, it may provide an additional perspective when answering the
research question. Yet, when the values were compared within each intrusion interval, they
did not differ. Again, they suggested that the occupants exposed to the deployed tSAB were
at equal risk to occupant injury as compared to those unexposed.
Griffin et al. (2012) assessed the real world effectiveness of the tSAB in a similar set of
collisions and demonstrated a reduced risk of injury with tSAB for occupants aged between
25-49 years and increased risk for those 50 years or older. In their study, the authors assessed
injury severity at the MAIS2+ level. Whereas, the presented research measured injury severity
at the MAIS3+ level. The injury severity level which is measured by the dummy in the
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barrier test [NHTSA (2015b)]. The results from the MAIS3+ analysis indicated the deployed
tSAB did not offer a benefit during vehicle-vehicle collisions when residual intrusion was
considered as the technical-impact severity. In respect to occupant age, the more senior
occupants were more vulnerable to injury, however the result was not statistically significant.
A strength of the analysis was that by matching on vehicle year, it was assumed that
one would better account for the stiffness changes associated with the vehicle fleet. A
limitations of Sections 5.2 and 5.4. Yet, the analysis was vulnerable to potential bias. Though
the matching was done to ensure comparable events, the study population (particularly the
unexposed population) represents a biased sample of the overall study population. As a
result, the use of non-conditional statistics (comparing means and Clopper-Pearson CIs)
may induce a level of bias into the study. A conditional statistic test (such as that used in
Chapter 4) would be appropriate when sample sizes are larger and this will be considered in
the following chapters. Nonetheless, it was evident that a relationship between the amount of
lateral residual intrusion and injury risk exists. For greater amounts of lateral intrusion the
occupant was at a greater risk of being injured.
It is the punching door which causes the injury [Lau et al. (1991)]. A correlation was
evident, however this is not the cause of the injures. As mentioned in 3.2, retrospective
analysis of MVC databases does not allow the investigation of the dynamic nature of the
intruding door. So while a relationship was suggestive that one should limit intrusion to
improve the vehicle’s crashworthiness, it is important that the dynamic behaviour of the door
be investigated.
5.8 Chapter summary
The purpose of the chapter was to isolate vehicle-vehicle lateral collisions from the NASS-
CDS database and determine if a level of protection could be attributed to the deploying
tSAB. Analysis was undertaken which accounted for ∆vlat and intrusion as measures of
collision severity and used raw and projected collision estimations. The chapter indicated
that:
• When developing injury risk curves from the raw events of NASS-CDS:
– For the non-senior population, the predictive model indicated that occupant injury
risk remained constant for different tSAB status’ until a collision severity of
35kmh−1.
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* Risk curves only differed when cohorts were defined based on vehicle year.
Through the use of the injury risk curves one was able to arrive at this
significant finding and offer a contribution to the body of knowledge.
– For the senior population, the model suggested that occupant injury risk remained
constant for different tSAB status’ across all collision severities.
• When implementing the projection factors for the collisions:
– For the tSAB exposed occupants, the non-senior population were at (non-significant)
lower risk of injury for impacts of 15−25kmh−1 severity, but equal risk for col-
lisions between 25−35kmh−1.
– There was sufficient evidence to suggest that the slight benefit may be attributable
to new, (laterally) stiffer vehicles rather than the airbag unit itself.
– The senior population were at significantly greater risk of injury in collisions
involving tSAB and high collision severity.
• When considering residual intrusion as the means of impact severity:
– For greater depths of residual intrusion, the risk of occupant injury increased
significantly.
– Yet, when comparing injury risks between exposed and unexposed occupants
values did not diverge.
In the comprehensive review of vehicle-vehicle collisions in which the efficacy of the tSAB
in preventing thoracic injury was investigated, it was shown that:
• For the non-senior population, no unequivocal benefit could be associated with unit
deployment for all conditions investigated
• For the senior population, it was shown for a given condition the risk of thoracic injury
was greater with tSAB deployment than those without. The reader must acknowledge
that such events seldomly occur.
Further analysis should evaluate:
• The efficacy of the tSAB to protect the occupant in fixed object collisions, and
• Obtain vehicle stiffness values from a secondary source and project these onto the
relevant collisions to determine a more accurate tSAB efficacy estimate.
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Chapter 6
Correlation between the Crash Test
Dummy and the occupant
6.1 Introduction
As identified in chapter three, there exists an abundance of literature including laboratory
PMHS tests, dummy crash tests, and even some field data, which demonstrated a benefit
should be evident for tSAB exposure. Yet, the content of the previous chapters did not
produce unequivocal evidence that the deploying tSAB provided a supplementary benefit to
the occupant’s thoracic region in the event of a vehicle-vehicle collision. The results suggested
that the occupant was at equal risk of thoracic injury regardless of exposure to the deploying
unit. Limitations of each study design were emphasized in the corresponding chapters, any
of which may have accounted for the inability of the tSAB to yield nonsignificant results.
Nonetheless, the inconsistencies between our analysis of real-world MVC and that previously
published suggest that the manner in which we design and validate the tSAB for use in the
vehicle fleet must differ from their performance in the field. As outlined previously, one must
account for vehicle stiffness using a more reliable source.
Figure 2.1 introduced the relationship between the Controlled Collision Environment and
field data. It was urged that a degree of correlation was needed between the two domains
and this should have been addressed by the array of crash tests and dummies used in the
regional specific regulations and consumer tests. Maintaining exclusive focus on vehicle-
vehicle impacts85, the aim of the chapter was to scrutinise the inter-branch links between
the two domains. More specifically this chapter addresses the issue of comparing the Crash
Dummy–Occupant relationship, as depicted in Figure 6.1.
85Vehicle-fixed object collisions will be addressed in the succeeding chapters
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Fig. 6.1 The focus of chapter six was to identify if clarity in injury risks can be projected
between the Crash Dummy–Occupant relationship.
As previously mentioned in chapter two each Validation Test requires a strong correlation
with the real-world collision environment. Chapter 2.1 identified that Crash Dummy response
needs to exhibit human-like behaviour in a collision. It has been well documented that both
the anthropometry and biofidelic responses have been improved with more advanced crash
dummies (as discussed in Kim et al. (2016); Yoganandan and Pintar (2005)). The purpose
of this chapter to compare the dummy response and perceived thoracic protection from the
Controlled Collision Environment with occupant injury status from field data.
6.2 Statistical Analysis
Motivation
Within the vehicle-vehicle impact environment discussed in the previous chapters, one of the
major limitations of the research pertained to the differences in vehicle stiffness which had
been difficult to account for. Therefore, the principal aim of the work reported in the chapter
was to obtain vehicle stiffness data from another source and project this to real-world data.
Aim
This section continues upon crashworthiness discussion by analysing vehicle performance,
both in terms of structural- and Crash Dummy-response, in a controlled collision environment.
Stiffness values are then applied to real-world collisions in pursuit of a transparent link
between dummy-based benefits and a reduced risk of occupant injury. The analysis focussed
exclusively on vehicle-vehicle lateral impacts, which are replicated in the controlled collision
domain by a barrier impact. The primary aim of this research was to evaluate the extent
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of thoracic protection afforded to the Crash Dummy by the (seat-embedded) thoracic side
airbag. Taking this one step further, assessed if this protection effect was mirrored in the field
with occupants.
Resources
The analysis sourced data from NHTSA’s Vehicle Crash Test Database (VCT) and the
NASS-CDS.
Controlled Collision Environment
The Vehicle Crash Test Database contains various engineering data obtained from NHTSA’s
research, NCAP, and compliance crash tests and is freely available online. All crash tests
of new vehicles assessed under the (side) NCAP barrier protocols were obtained from
the database. This required the mobile deformable barrier (MDB) to strike at a crabbed
orientation with impact at a speed of 61.90±0.80kmh−1 [NHTSA (2007)]. All impacts had
an MDB mass of 1356-1364kg. The vehicles used either the NHTSA Side Impact Dummy
(SID) (coded SD), SID with Hybrid III Head/Neck (coded S3) or EuroSID 2 (ES-2RE) SID
(coded ER) as crash dummies. Recorded (vehicle) collision information such as Maximum
Crush Distance (CRHDST), arm-door clearance distance (AD), and dummy-based injury
metrics, such as the Thoracic Trauma Index (TTI) were obtained by merging the different
files. NCAP tests for vehicle model years 1997-2017 were obtained from the database.
Real-world Motor Vehicle Collisions
The same filtering of collisions used in Section 5.2 was used to obtain a relevant sample of
NASS-CDS MVCs86.
Methods
Well established is the notion that concurrent with the introduction of tSABs, was an increase
in vehicle stiffness, both longitudinally and lateral (for example, Esfahani et al. (2011); Lee
et al. (2014); Swanson et al. (2003)). Therefore, any true efforts to quantify if an additional
protection level could be attributable to the tSAB, must meticulously consider vehicles
of the same stiffness. Vehicle stiffness could be obtained from the controlled collision
environment by recalling residual lateral intrusion and then projected real-world MVC. Prior
86Including the collisions with imputed ∆vlat values
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to any evaluation of tSAB efficacy, we will initially assess its effectiveness in the controlled
collision environment with the Crash Dummy.
Controlled Collision Environment
In a side collision replicated in the Controlled Collision Environment, the energy injected
into the impact is transferred into a series of energy forms. This is described by the following
equation:
1
2mBv
2
B1 =
1
2mBv
2
B2 +
1
2mT v
2
T2 +ET +EB
where mB is bullet (or barrier) mass, vB1 is bullet velocity pre-impact, vB2 is bullet velocity
post-impact, mT is target mass, vT2 is target velocity post-impact, EB is the bullet vehicle
deformation energy and ET is the target vehicle deformation energy.
One can then assume vB2 = vT2 = ∆v. So that:
1
2mBv
2
B1 =
1
2(mB+mT )∆v
2+ET +EB
If ET is the lateral deformation (∆s) under a given force (F), then ET = F∆s and:
1
2mBv
2
B1 =
1
2(mB+mT )∆v
2+ET +F∆s
In the Controlled Collision Environment, mB, vB1 and EB are assumed constant. Therefore,
a relationship between F∆s, mT and ∆v exists. So while NHTSA state on their Safer Car
website that it is possible to compare all vehicles with each other when considering side
barrier ratings, it is recommended that mT needs to be accounted for.
From the Controlled Collision Environment, a proxy for the vehicle stiffness can be
obtained from the post impact intrusion. Figure 6.2 shows how the amount of intrusion,
identified through CRHDST, has changed with succeeding vehicle years (n = 594). The
downwards trend of incurred intrusion was suggestive of the fleet’s increased lateral stiffness.
Parallel to this fleet-associated change were tSABs more regularly used as a standard
safety feature (Viano and Parenteau, 2015, Fig.1). Therefore, to meticulously evaluate the
tSAB efficacy, one must account for the evident stiffness change.
Within the Controlled Collision Environment, one can define a series of hypotheses to
evaluate:
Hypothesis One:
• Null: Dummies exposed to the deployed tSAB have an equal or greater risk of thoracic
injury than those unexposed
90
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Fig. 6.2 How residual static intrusion has changed per vehicle year for the (side) barrier
impact test.
• Alternative: Dummies exposed to the deployed tSAB demonstrate lower risks of
thoracic injury than those unexposed
Hypothesis Two:
• Null: Dummies unexposed to a tSAB show a difference in thoracic injury risk
• Alternative: Dummies unexposed to a tSAB exhibit the same risk of thoracic injury
Both hypotheses can be tested by comparing TTI values that are obtainable from the crash
tests.
(Dummy-based) Benefit of the deployed tSAB For the first hypothesis, it was required to
compare differences in dummy recorded injury values (TTI87) and assess if a dummy-based
benefit could be attributed to the deployed tSAB.
Each vehicle where the dummy was exposed to the deployed tSAB (n= 393) sought to be
matched to an equivalent vehicle where the was dummy not exposed88 (n = 201). Matching
of similar Closed Environment collisions required vehicles with equivalent:
• lateral stiffness’s - defined by post-impact intrusion (±50mm),
• survival space – interior to dummy arm distance (AD±30mm),
• the same Crash Dummy, and
87Although chapter two did discuss that TTI may not be the most valid measure for thoracic injury, using
this metrics resulted in the largest number of collisions
88Non exposed as a series of vehicles had the tSAB fail to deploy upon barrier impact
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• vehicle body type (two–door, four–door vehicle, SUV etc. [identified by the BODY
variable]).
It was suggested that target vehicle mass (mT ) needs to be accounted for in the given domain.
This was achieved by matching over the BODY variable. Refer to Figure 6.3 to see the
correlation between vehicle BODY and weight.
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Fig. 6.3 Distribution of vehicle weight per NHTSA defined BODY variable.
Once a matched cohort of similar vehicles had been obtained, a paired t-test was used
to assess if dummy based injury metrics differed. It was expected that the deployed tSAB
would provide protection to dummy’s thoracic region, as previously demonstrated [Viano
and Parenteau (2015)]. Therefore, the first hypothesis was mathematically formulated as the
following one-tailed hypothesis:
• H0 : µd ≤ 0; T T Iunexposed−T T Iexposed
where d was the difference in TTI between the matched pairs.
It was important that substance be provided to any statistical significant results. As
the dummy-measured TTI values were available, they could be directly projected to actual
(thoracic MAIS3+) injury risk (Kuppa, 2004, Eqn.9 p.26). By plotting the paired injury risk
over each other, the reader could gauge a quantitative estimate for benefit associated with
tSAB deployment.
Consistency of dummy based metrics without tSAB deployments The second hypoth-
esis required to compare differences in TTI values for a cohort of vehicles without the
deployed tSAB. Given vehicles of similar stiffness were paired, and each yielded a similar
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survival space, it was assumed that dummy-based thoracic injury metrics (TTI) would not
differ between the pairs. Therefore, the second hypothesis was mathematically formulated as
a two-tailed hypothesis:
• H0 : µd = 0
where d is the difference in TTI between the matched pairs.
Real-world Collisions
The 2,556 NASS-CDS collisions used in Section 5.2 were used for this analysis. The main
advantage of using MVC databases to compare injury risks lies in the conversion of collisions
into quasi-experiments. By taking a series of NASS-CDS collisions, one could match
occupants exposed to the deployed tSAB to those unexposed and compare injury risks. The
proxy stiffness values (that obtained from the NCAP test and denoted by CRHDST) from the
Controlled Collision Environment were projected to the relevant NASS-CDS collisions. The
stiffnesses were mapped based on the latest make-model combinations available89. Where
no stiffness value was available for a given vehicle, then the event was removed.
The manner in which make and models were defined between the VCT and NASS-CDS
databases was not transparent. Therefore, all NCAP (make/model) codes in the VCT database
were converted to their NASS-CDS equivalents.
The cohort model
The occupants exposed to the deployed tSAB were matched to unexposed occupants on the
basis of:
• occupant age (less than or greater than 66 years),
• collision orientation (oblique or pure lateral - identified through the PDOF),
• proxy vehicle stiffness (±70mm from NCAP test),
• ∆vlat (±9kmh−1),
• type of target vehicle (3-door, 5-door vehicle, SUV, larger),
• type of bullet vehicle (passenger car, SUV, LTV, larger),
89For example Vehicle X (model a, make b) with a 2000 vehicle year may have had its stiffness projected
from a 1998 tested vehicle if no 1999 or 2000 vehicle (model a, make b) had been tested
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• if the nearside door was impacted (identified through the Collision Deformation Code).
The influence of occupant seating position was not influenced for reasons mentioned
in Chapter Four. Matching by sampling weight had been used in other published work90
[Griffin et al. (2012); Ma et al. (2013)], however, this was not implemented in this analysis.
Vehicle age and incapacitating occupant injury are just two of the factors used to calculate
a projection value for the collision, where newer vehicles (predominately those with tSAB
systems) and more severe injuries are weighted more heavily. Thus, had collision weights
been used as a matching criteria an element of bias would have been incurred. Specifically for
two MVCs to have similar weights but different ages (hypothetically older vehicle without
tSAB and newer vehicle with tSAB), it would likely result when the older vehicle’s passenger
incurred severe injury. Cases with weights exceeding 5,000 were excluded. Occupant belt
status was not considered as fatality risk did not substantially differ between belted and
unbelted occupants in lateral impacts [Campbell and Cronin (2014)], and injury rates from
Section 5.4 did not substantially differ.
A variable number of non-tSAB collisions (1:n matching) with replacement were matched
to each tSAB event. A series of Cox Proportional Hazards (Cox PH) models were imple-
mented to determine the association between tSAB deployment and various levels of thoracic
injury through a Risk Ratio (RR)9192. The model assumed an equal time to event (time = 1)
and was stratified by each matched pair.
The models measured association for Tho.MAIS2+ and Tho.MAIS3+ injuries, as listed
in Table B.1. Finally, supplementary models were created to measure association when
occupants were injured to a fixed level. That being, all MAIS4+ occupants were removed
(resulting in population of MAIS3- injured occupants) and a model measured the association
of a Tho.MAIS3 injury. This was repeated for the Tho.MAIS2 injured occupants (in a
population of MAIS2- occupants). Although not of primary concern throughout the research
presented thus far, the deploying tSAB may also offer coverage to the occupants abdominal
region. Consequently, models were also developed to determine the association of tSAB
deployment and abdominal injury.
Occupant, vehicle and collision characteristics were compared between the exposed
occupants resultant from the matched tSAB sample and the raw NASS-CDS events by using
chi-square and t-tests for categorical and continuous variables, respectively.
90And also used in Chapter 5
91The analysis in Chapter Three used a Conditional logistic regression model to measure association. The
model has the disadvantage that the pairs in which both persons sustain injury are ignored [Cummings et al.
(2003)]. As the Cox PH model accounts for this, it was preferred for a more meticulous analysis.
92The manner in which a RR is calculated differs slightly from an OR (footnote 80). From the smokers
example in chapter 4.2 we determine the RR as (EXPOSEDcancer÷EXPOSEDall)÷ (UNEXPOSEDcancer÷
UNEXPOSEDall , or 25100 ÷ 10100 = 2.5
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Sensitivity analysis within the cohort model
A sensitivity analysis was implemented to assess the dependency of output results on match-
ing criteria. The sensitivity model accounted for a more stringent matching criterion and saw
resultant sample sizes reduce.
While the matching of similar collisions was undertaken by considering ∆vlat (and to
some extent vehicle mass [Sharma et al. (2007)]), it was demonstrated that WINSMASH
derived values substantially differ to Event Data Recorder (EDR) values [Johnson and Gabler
(2014)]. Therefore, to minimise any inherited bias, the matching criteria was expanded to
include the collision mass ratio (mT /mB). This would also ensure that the importance of mass
was sufficiently accounted for in the analysis. This eliminates any concerns associated with
barrier impact derived stiffness, which did not account for the collision specific mass relation
factor. To determine this ratio, both masses for the bullet and target vehicles were required.
Consequently, this saw the raw sample of collisions reduce by approximately 550 before any
matching.
The sensitivity analysis was stratified to limit the barrier-derived intrusion to an interval of
±40mm. Additionally, for the cohort of non-senior occupants (those aged ≤66), underwent
additional matching. In this supplementary analysis, any pair needed to account for occupant
gender and age (±10 years).
Results
Controlled Collision Environment
(Dummy-based) Benefit of the deployed tSAB Fifty pairs of similar NCAP impacts with
differing tSAB protection were obtained. Table D.1 provides collision specific details on the
paired NCAP crashes. A paired-samples t-test was assessed for a difference in dummy-based
injury metrics for the cohort of similar vehicles with and without the deployed tSAB. There
was a significant difference in the TTI values; t(49)=-5.3097, p <0.001. Given the magnitude
of the p-value, one was able to reject the null hypothesis in favour of the alternative, dummies
exposed to the tSAB incurred significantly lower TTI values.
Matching was repeated using the same criteria, however this time using a nearest-neighbor
algorithm. A total of 23 pairs of collisions where found, in which no single test was matched
to multiple pairs. The same hypothesis was applied, and the results again indicated that a
significant difference in the TTI values existed; t(22)= -3.383, p <0.001.
Although a (statistical) significant result had been achieved, substance had to be provided
to the results. Therefore, all TTI values were converted to predicted injury risks. The
predicted injury values for each pair were plotted over each other in Figure 6.4. An arbitrary
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Fig. 6.4 Injury Risk (%) obtained from the measured Dummy TTI values for each matched
pair listed in D.1.
line was drawn at the 5% injury risk. Only in three circumstances (two unique vehicle–model
combinations) was the dummy-based injury risk greater than 5%. Where no grey bars can be
seen, the dummy-based injury risk for the tSAB vehicle was greater than the vehicle without.
Consistency of dummy based metrics without tSAB deployments Sixteen pairs of
NCAP barrier tests, all without tSAB protection were obtained. Table D.2 provides collision
specific details on the paired NCAP crashes. A paired-samples t-test was conducted to
compare dummy-based TTI measurements in similar vehicles without the deployed tSAB.
There was not a significant difference in the TTI values; t(15)=-0.470, p = 0.645. Given the
magnitude of the p-value, one was unable to reject the null hypothesis, inferring that mean
TTI values did not substantially differ when both dummies were unexposed to tSAB.
Real-world Collisions
Once collision photos were inspected to confirm tSAB deployment and the NCAP stiffness
values had been projected, a total of 1,714 raw events resulted (333 with tSAB deployment)93.
Upon utilising the looser matching criteria (stiffness ±70mm), a total 255 sets of matched
collisions were obtained (forming 655 similar events). The demographic and collision
characteristics for the cohort of matched (tSAB deployed) collisions were compared to that
of the raw NASS-CDS events. Table 6.1 provides the descriptive statistics for the two groups.
The tSAB deployed collisions did not substantially differ from the original raw sample.
Table 6.2 then describes the association between tSAB deployment and thoracic injury when
93From the original 2,556 NASS-CDS collisions
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Table 6.1 Occupant, vehicle and collision characteristics for the raw NASS-CDS events with
tSAB deployment and the matched tSAB exposed sample.
All tSAB depl. Matched tSAB depl. p-value
(n=333) (n=255)
Occupant
Driver, % 77.47 75.29 0.538
Male, % 42.04 42.35 0.078
Mean age, y 43.54 41.38 0.198
Mean height, cm 169.60 169.60 0.998
Mean weight, kg 76.42 75.58 0.639
Tho.MAIS3+, % 14.71 12.94 0.536
Collision
Target Vehicle Type 0.966
3-door vehicle, % 7.21 7.84
5-door vehicle, % 73.27 72.94
SUV, % 15.02 14.11
Larger, % 4.51 5.10
Target Vehicle Model Year 0.800
1998-2000, % 4.52 3.92
2001-2003, % 13.86 15.69
2004-2006, % 20.18 22.75
2007-2009, % 31.33 31.37
2010-2014, % 30.12 26.28
Bullet Vehicle 0.977
Passenger Veh, % 55.24 57.50
(Sports) Utility Veh, % 22.24 22.50
LTV, % 22.38 18.75
Other, % 0.14 1.25
∆vlat , kmh−1 0.734
(1,5], % 0.60 0.78
(5,15], % 28.83 29.41
(15,25], % 38.43 41.96
(25,35], % 18.92 18.82
(35,45], % 8.41 5.88
(45,120], % 4.81 3.14
Mean NCAP intrus, mm 309.35 320.14 0.078
utilising a matching-stiffness requirement of ±70mm. The analysis was repeated using a
more stringent stiffness requirement (stiffness ±40mm) and is summarised in Table 6.3.
Under both matching conditions, the occupants exposed to the deployed tSAB were generally
at an equal risk of thoracic injury. Unadjusted risk ratios ranged from 0.98–1.14 for various
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levels of thoracic injury and in all analyses the associated confidence intervals overlapped
one.
The following symbols appear in the Tables 6.2-6.6, and represent:
• x refers to the number of matched pairs (1:n) obtained (and the number of tSAB
deployed cases)
• X is the sum of similar collisions
•  is for a stiffness matching parameter of ±70mm
•  is for a stiffness matching parameter of ±40mm
Table 6.2 Unadjusted Risk Ratio (uRR) and 90% confidence intervals for the association
between tSAB deployment and thoracic injury. Stiffness matching criteria of ±70mm. Note:without the imputed values, 6in MAIS2- population, ☼in MAIS3- population.
Thoracic Injury x X
Risk per 100
uRR 90% CI
Model
tSAB deployed no tSAB
Tho.MAIS2+ 255 655 15.69 13.75 1.14 (0.80-1.62) X1
Tho.MAIS2+  247 630 14.57 13.84 1.04 (0.72-1.49) X2
Tho.MAIS3+ 255 655 12.94 11.50 1.12 (0.76-1.65) X3
Tho.MAIS3+  247 630 11.74 11.00 1.00 (0.67-1.50) X4
Tho.MAIS2 6 211 528 1.90 1.58 1.22 (0.39-3.82) –
Tho.MAIS3 ☼ 231 591 5.19 4.44 1.11 (0.59-2.11) –
Table 6.3 Unadjusted Risk Ratio (uRR) and 90% confidence intervals for the association
between tSAB deployment and thoracic injury. Stiffness matching criteria of ±40mm.
Thoracic Injury x X
Risk per 100
uRR 90% CI
Model
tSAB deployed no tSAB
Tho.MAIS2+ 209 502 12.92 11.95 1.08 (0.70-1.67) X5
Tho.MAIS3+ 209 502 10.53 10.58 0.98 (0.60-1.56) X6
The matching did not account for any influence arising from singular- or multiple-event
impacts, therefore to ensure a level of collision equivalence within the pairs, the ∆vtotal
distribution was plotted. The sunflower plot in Figure 6.5 shows the bivariate distribution of
∆vtotal for the matched collisions with and with the tSAB. The parallel lines indicate a ∆v
interval of ±9kmh−1. The vast majority of matched collisions remain within these intervals.
The sensitivity analysis integrating collision mass ratio and occupant age is summarised
in Table 6.4 and 6.5. When accounting for the mass ratio, any occupant exposed to the
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Fig. 6.5 The bivariate distribution of ∆vtotal for the matched collisions. Along the horizontal
axis are the ∆vtotal values for the vehicles with tSAB and the corresponding matched vehicles
without the tSAB are shown on the vertical axis. Parallel lines are drawn at ±9kmh−1.
deployed tSAB was at a similar risk of thoracic injury than those unexposed (Tho.MAIS2+:
uRR=1.14 and Tho.MAIS3+: uRR=1.19). The tSAB did not indicate an unequivocal benefit
to the non-senior occupant’s thoracic region. The risk of abdominal injury appears in Table
6.6.
Table 6.4 Unadjusted Risk Ratio (uRR) and 90% confidence intervals for the association
between tSAB deployment and thoracic injury. Extending upon Models X1, X3, X5, X6,
matching additionally accounted for collision ratio ±0.2 and different stiffness values.
Thoracic Injury x X
Risk per 100
uRR 90% CI
Model
tSAB deployed no tSAB
Tho.MAIS2+ 124 273 16.94 14.10 1.14 (0.68-1.90) X7
Tho.MAIS3+ 124 273 13.71 10.74 1.19 (0.67-2.13) X8
Tho.MAIS2+ 85 182 18.82 14.43 1.22 (0.67-2.24) X9
Tho.MAIS3+ 85 182 15.29 10.30 1.43 (0.71-2.86) X10
The series of Risk Ratios obtained from the sensitivity analysis are summarised in Figure
6.6 in the form of a Forest plot. Each model corresponds to the results in Tables 6.2-6.5.
6.3 Discussion
Within the controlled collision domain, the deployed (seat-embedded) thoracic side airbag
yielded a clear cut benefit for the Crash Dummy’s thoracic region. Yet, when stiffness values
were projected to real-world MVC, the deploying tSAB demonstrated no unequivocal benefit
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Table 6.5 Unadjusted Risk Ratio (uRR) and 90% confidence intervals for the association
between tSAB deployment and thoracic injury for the non-senior population. Matching
additionally accounted for gender, occupant age (±10) years and stiffness ±70mm and
±40mm.
Thoracic Injury x X
Risk per 100
uRR 90% CI
Model
tSAB deployed no tSAB
Tho.MAIS2+ 125 269 12.00 11.11 1.05 (0.58-1.91) X11
Tho.MAIS3+ 125 269 12.00 8.33 1.41 (0.74-2.68) X12
Tho.MAIS2+ 96 203 9.38 10.28 0.92 (0.44-1.94) X13
Tho.MAIS3+ 96 203 9.38 8.41 1.14 (0.52-2.50) X14
Table 6.6 Unadjusted Risk Ratio (uRR) and 90% confidence intervals for the association
between tSAB deployment and abdominal injury. Stiffness matching criteria of ±70mm.
Note: 6in MAIS2- population, ☼in MAIS3- population.
Abdominal Injury x X
Risk per 100
uRR 90% CI
tSAB deployed no tSAB
abd.MAIS2+ 255 655 8.63 10.25 0.85 (0.55-1.33)
abd.MAIS3+ 255 655 3.92 3.75 1.09 (0.55-2.18)
abd.MAIS2 6 211 528 7.11 6.94 0.89 (0.51-1.56)
abd.MAIS3 ☼ 231 591 3.90 2.50 1.81 (0.82-3.98)
for the exposed occupant. The reasoning for the difference may be that manufacturers who
voluntarily equipped their vehicles with tSABs likely addressed structural crashworthiness at
the same time. The evidence behind such a statement is difficult to support, however Viano
and Parenteau showed that from 1996-2000 about 25% of the fleet were equipped with side
airbags94, yet over the next 5 years the fitment rate increased to over 40% of the market
[(Viano and Parenteau, 2015, Fig.1)]. With reference to Figure 6.2, one notes that the extend
of lateral intrusion up until year 2000 remained relatively constant. For the same five year
period, the amount of lateral intrusion reduced by more than 30%. This was indicative of
structural improvement as airbags became more and more available.
Norin et al. (1991) hypothetically evaluated restraint belt optimisations and reiterated that,
if product performance at several speeds is not taken into consideration during development,
one exposes themselves to the vulnerability of investing significant resources into incorrect
measures. As a consequence, instead of achieving a reduction in injuries, the result may
cultivate in an increased number of injured occupants in the real traffic environment. Although
94either head, thoracic or both systems
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Fig. 6.6 The resultant risk ratios and corresponding confidence intervals obtained from the
array of Cox PH models. Each model corresponds to that reported in Tables 6.2-6.5.
our results were not statistically significant, they reverberated the concerns that risk of injury
was not explicitly reduced with tSAB exposure.
Viano and Parenteau (2015) evaluated the dummy based benefit associated with the tSAB
in IIHS barrier impacts. They compared similar model vehicles with and without the tSAB
of maximum one year apart. When considering the tSAB coupled with the curtain airbag,
thoracic-based dummy injury metrics were significantly lower when exposed to a deployed
tSAB. Our study differed by considering vehicle mass, stiffness and survival space, rather
than vehicle models. Although a smaller dummy, a different barrier speed, height, mass and
impact angle were used in the NHTSA test, a similar result was obtained – a conclusive
benefit associated with the tSAB in the Controlled Collision Environment.
The efficacy estimates of the tSAB were likely dependent on the criteria used in the
matching of collisions, therefore a sensitivity analysis was implemented to assess the robust-
ness of the methodology. Despite varying vehicle and occupant-based matching criteria, the
results did not substantially differ. By accounting for occupant gender and age (within the
non-senior population), the sample sizes reduced considerably but potentially increased in
accuracy. Given such Cox PH models failed to show an unequivocal benefit associated with
the thoracic side airbag.
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The regulating bodies governing the consumer tests have implemented an array of loading
cases in which manufacturers must validate their products against. These vary based on
geography (US NCAP vs Euro NCAP), as well as constellation (barrier impact vs pole
impacts). Therefore, the afformentioned concerns of Norin should have been suppressed
when analysing the efficacy of the tSAB. As the results were contradicting - the dummy-
based benefit but no occupant benefit, it highlights the limitations of the current platform
validation process. It suggests that the crash test/dummy based design (the controlled collision
environment) is taking the abstraction process too far as to represent the real-world accident
scenario, and minimal correlation between model/dummy and real accidents exists.
The dummy-based injury metrics are to some extent correlated with the residual intrusion.
The NCAP tests indicated that the fleet has continually increased in lateral stiffness. Recall
that the study outlined in chapter three where Volvo conducted traditional lateral impacts
with two 1992 and 2008 vehicles [Sunnevang et al. (2010)]. The 1992 model had no tSAB
whereas the 2008 model did. It was found that the degree of residual intrusion decreased from
410mm to 250mm for the newer vehicle. Additionally, the dummy-based (thoracic) injury
risk (AIS3+) reduced from 1.2 to 0.2%, although the authors noted that the door velocity at
the time of occupant loading was similar. Acknowledging this and linking it to vehicle crash
compatibility research provides insight as to why the tSAB may not offer additional benefit
to the occupant. The compatibility research demonstrated that door velocity in the time frame
of occupant loading is controlled much more by stiffness ratio [Careme (1991)]. As the
longitudinal stiffness of the vehicle fleet has also increased [Esfahani et al. (2011); Swanson
et al. (2003)], any advancements in lateral stiffness, in turn to limit intrusion velocity, have
likely been neutralised. The increased frontal stiffness associated with the vehicle fleet,
which may have not been truly captured by the barrier 95 may also contribute to the reason as
to why the tSAB does not show a real-world benefit96. This raises the possibility of using
or accounting for, the door velocity at the time of occupant loading when validating vehicle
platforms. As such the velocity of the intruding door and its relationship with improved
lateral stiffness should be investigated.
The barrier impact in the Controlled Collision Environment results in a ∆vlat of 20-
35kmh−1 for the target vehicle [Sunnevang et al. (2010)]. Table 6.1 indicates that more
than half the real-world MVCs occur outside this interval. For the impacts less than NCAP
severity, it was assumed the deformation of the vehicle’s longitudinal members provide
self- and partner-protection for the bullet and target vehicle, respectively. The aggressive
nature of the bullet vehicle’s engine block originates from its weight and stiffness. This
95First appearing in scientific literature in the 1990s [Lowne (1994)]
96It has also been proposed to increased the weight of the (AE-MDB) barrier, as well as the impact speed
mentioned in footnote 78 [van Ratingen (2017)].
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does not influence the dynamic (and residual) intrusion of the target vehicle as long as
deformation was less than 600-700mm [Mizuno et al. (2005); Thomas (2005)]. Therefore,
by projecting resultant intrusion to real-world MVCs as an estimate of proxy-stiffness, for
the lower severity collisions, one assumes vehicles of the same NCAP-based stiffness group
exhibit similar deformation characteristics at these lower collision severities also.
The pre-impact posture of the occupant may play a crucial role in the energy dissipation
and load distribution during a lateral collision. Shoulder orientation was shown to alter
body response to lateral impacts [Donlon et al. (2015)]. The current constellations place
dummies in traditional driving positions. This allows for fixed structural points on the dummy
(shoulder and hips) for tSABs to initially deflate against. As a consequence, the inflation
gases are forced towards the bag centre where they ventilate through the hole - creating a
distributing phenomenon of the impacting load over the thorax as the door structure intrudes.
In the event of a driver reaction, such as measures to avoid the collision, one may sharply
turn the steering wheel [Matusiak et al. (2005)]. As a result, these traditional fixed points
may not be in position to engage the airbag and lead to sub-optimised deflation. In the event
of nearside impact to the front passengers side, the occupant is unlikely to have their arms
raised and thus may impede the deflation behaviour of the airbag. This concept of pre-impact
posture should also be investigated further.
Chapter two identified the Kim et al. (2016) research in which the authors quantified
a 0.5kN reduction in thoracic loading when PMHS subjects were exposed to the deployed
tSAB. Yet, the authors used a 42l airbag, which has no practicability in the real-world, as
units in the vehicle fleet are about 12-15l in size [Haland and Pipkorn (1996)]. This larger
size airbag was likely to have exaggerated the thorax protection in the given load case. The
Kim et al., study demonstrated that in theory the tSAB is able to reduce thoracic loading in a
controlled environment, however the results obtained from our real-world study were not as
transparent. Given the occupants exposed to the tSAB did not indicate any benefit within
the thoracic region, there is reason to trend away from the system use, despite any perceived
benefit suggested from the crash dummy.
The association of tSAB deployment and abdominal injury was also investigated. The
abdominal region consists of both solid and hollow tissue organs and their response to loading
may not be accurately captured by the Visceral Criterion [Lau and Viano (1986)]. The results
indicated that the rate of abdominal injury was much lower than thoracic injury which has
also been shown in literature [NHTSA (2004); Sunnevang et al. (2015)]. This suggested
that the deploying airbag may provide a level of protection against regional specific MAIS2+
injuries, however it was associated with a degree of harm for MAIS3 injuries. Due to the
relative width of the confidence intervals, no true effect could be inferred, but only possible
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trends. Hallman et al., (2009) identified a series of collisions in which the occupant incurred
splenic trauma (AIS3+) in low severity collisions with tSAB deployment [Hallman et al.
(2009a)]. Their finding would support the (non-significant) degree of harm evident with
abd.AIS3 injuries. Nonetheless, the thoracic region showed much greater vulnerability to
injury in the given sample. Any effects associated with the abdominal body region should not
defer from the deploying units inability to provide supplementary protection to the thoracic
region.
The analysis focused exclusively on vehicle-vehicle lateral collisions and did not consider
any singular vehicle collisions (fixed-object), solely due to their greater prevalence in the field.
The pole test is structurally more challenging than the barrier test (Federal Register, 2008,
p.40020) and may provide an additional need for the tSAB. Therefore, these collision types
should also be investigated to determine a supplementary tSAB efficacy estimate. NHTSA
proceeded recently to upgrade the fixed-object impact, and in the words of the agency, it will
most likely result in larger side airbags [NHTSA (2015b)]. These larger airbags will inject
more energy into the collision and may induce a level of harm to the occupant. Specifically
for the senior population, who are already vulnerable to injury during tSAB deployment
[Griffin et al. (2012)] (and shown in Section 5.3). Such action, of designing larger bags,
would likely force manufacturers to design passive safety systems to benefit the crash dummy
in loading that has minimal real-world relevance. Further highlighting the non-correlation
between the model/dummy validation and real accidents. Manufacturers raised concern
that a strong correlation was needed between injury test conditions and real-world accident
environment during the 1970s as NHTSA was conducting initial crash testing [Hackney and
Quarles (1982)]. Therefore, the prevalence of fixed-object collisions must be revisited.
Deploying tSABs adjacent to the intruding structure are expected to increase the amount
of energy that must be dissipated during a collision. However, evidence was established to
illustrate that sufficient dissipation of this extra energy injection is not apparent. The manner
in which we validate our vehicles is producing a beneficial system for the dummy, however
reviewing the efficacy lends favour to an sub-optimised product for the occupant. Given
one of its primary aims was to attenuate and distribute forces over the occupant’s chest, no
substantial real-world MVC derived results presented to date have complemented this theory.
From a technical perspective, there was no clear need for the tSAB for thorax protection in
a lateral vehicle-vehicle impact. Therefore, as the fleet is continually increasing in lateral
stiffness and the greatest scope to reduce occupant thoracic injury risk lies within limiting
the dynamic motion of the intruding door.
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Proposed methodology to further evaluate the research question
The research questions outlined in section 1.3, pertaining to Chapters 4-6 were impeded
by their small sample sizes. This resulted from the filtering of relevant collisions and the
availability of airbag in the fleet, and thus its penetration in MVC databases. To improve
upon the statistical power associated with the conclusions derived in Chapters 4-6 the use of
computer simulations would be beneficial. Finite element models are readily available for
the vehicle and provide one domain in which robustness can be tested. This is implemented
in Chapter 9 by varying the occupant’s pre-impact position. In a similar manner, the location,
velocity and/or orientation of the striking object can be integrated into a sensitivity analysis to
better gauge an understanding of the robustness and support the statistical-based conclusions.
6.4 Chapter summary
The purpose of the research reported in this chapter was to:
• Report the cross-correlation of data from a controlled collision environment with field
data in pursuit of a transparent link between dummy-based benefits and a reduced risk
occupant injury
and in doing so:
• To demonstrate whether the crash test/dummy concept for vehicle validation is taking
the abstracting process too far as to not represent Real-World traffic accidents
• As a consequence, optimized safety systems have been developed for the dummy,
which show no benefit for the occupant
The analysis was able to show that:
• The deploying tSAB was able to sufficiently lower dummy-based injury metrics
– The majority of collisions yield a dummy-based injury risk lower than 5%.
• When stiffness values were projected to the real-world, the tSAB was not able to
provide an supplementary benefit to the occupant’s thoracic region. This conclusion
contributes to the body of knowledge by incorporating the vehicle characteristics
exhibited in a Controlled Collision Environment.
The chapter also identified a series of domains to further investigate:
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• Has the dynamic behaviour of the intruding door changed with increased fleet stiffness?
• How does the load distribution over the occupant’s thorax differ for non-traditional
seating orientations?
• The efficacy of the tSAB should be evaluated for single, fixed-object collisions
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Chapter 7
Dynamic Door Response During Crash
Tests
7.1 Introduction
Motivation
It was demonstrated in the previous chapter that the vehicle fleet has increased in lateral
stiffness continuously with vehicle design year. Figure 6.2 provided support to the third
elementary research question of chapter three, that the newer vehicles are more resilient to
intrusion. Although the degree of residual intrusion was shown to have decreased, it only
explains half of the story. Chapter three also outlined that it was the dynamic inward motion97
of the encroaching door which causes the injury. Also discussed was the intruding velocity
of the target vehicle’s door being governed by the longitudinal to lateral stiffness ratio of the
bullet and target vehicles. The behaviour of the door during impact has long been a valid
research topic. Other work has shown that the depth of dynamic door intrusion is greater than
residual static intrusion [Prasad et al. (1991)], where the degree of strain hardening during the
plastic deformation determines the final residual state. So residual crush does not accurately
reflect the true injury potential [Warner et al. (2007)]. It was demonstrated that the severity
of injuries was predominantly affected by a difference in velocity between the occupant and
intruding door, and thus effective countermeasures should reduce relative velocity rather than
just increasing structural strength [Strother et al. (1984)]. Also influencing door response is
97Or punching motion as described by Lau et al. (1991)
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the presence of a nearside occupant [Monk et al. (1980)], and the seats ability to crush the
middle tunnel98 [Bohlin (1980)].
Complementing the dummy response measurements obtained from the US NCAP barrier
impacts (analysed in the previous chapter), one can obtain data describing the dynamic
motion of the intruding door. For an array of tests99 accelerometers were fitted to the struck
front (and rear) door. Time-history charts are accessible and can be differentiated (with
regards to time) to obtain door intrusion velocity profiles. In doing so, one could additionally
assess if the dynamic motion of the intruding door has changed with the vehicle fleet. The
aim of the research reported in the chapter was to assess:
• if the dynamic motion of the intruding door has reduced in a similar manner as the
residual intrusion.
7.2 Statistical Analysis
Introduction
A series of NCAP barrier tests (n=72) performed on four door sedans were analysed to
average intruding door behaviour during the first 100ms of barrier impact [Watson et al.
(2009)]. Results are shown in Figure 7.1. In later work, the authors went on to discuss that
barrier impact test exhibit three common characteristics; first peak, valley and second peak
[Campbell and Cronin (2014)]. The first peak occurs immediately after the barrier contacts
the door resulting in a rapid increase in velocity of the door [Crandall and Pilkey (1999)].
The velocity then decreases (valley) as the door contacts the occupant. The second peak
is reached as the occupant rebounds off the door. In Figure 7.1, the first peak occurs at
20ms, the valley at 30ms, and the secondary peak shortly after [Watson (2010)]. The NCAP
barrier strikes the driver’s side of the vehicle, yet the statistical evaluations in the previous
chapters had not investigated the influence of the seating position. The seating position of the
struck-side occupant was assumed not to influence the dynamic motion of the intruding door.
In the work that follows, we derive similar graphs for a pool of vehicles with different
stiffness categories as well as pairs of similar vehicles.
98As the door is contacted, the rigid seat frame is able to displace sideways towards the center console and
its structural members crush the middle tunnel located in the vehicle underbody
99Only available for specific vehicle of years 1997-2006
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Fig. 7.1 Average door intrusion velocity for four door sedans in NCAP barrier impacts. The
blue section shows the maximum intruding velocity, the valley is shown in green, and finally
the secondary peak is shown in orange. Source: [Campbell and Cronin (2014)]
Resources
The VCT database that was used in the previous chapter, was queried for all barrier tests
where accelerometers were fitted to the nearside front door of the struck vehicles (n=197).
This corresponded to vehicles with a model year from 1997-2006. Table 7.1 shows the
number of vehicles fitted with accelerometers per vehicle year. In some circumstances,
a sole accelerometer was fitted within the door cavity whereas, in other tests multiple
accelerometers were used100. In either case, pulses were first viewed to remove any obvious
errors in the accelerometer response101 (eg, dislodging), and the maximum response taken
for each vehicle. As each accelerometer recorded acceleration102 in the lateral (y-) direction
at a given frequency, one could obtain the dynamic response of the door. Assuming zero
initial velocity, one could obtain the instantaneously lateral velocity at each time step by
v = vo+a · t.
Table 7.1 The number of vehicles fitted with accelerometers in the front struck door during
US NCAP barrier impacts from all barrier impacts.
Vehicle Year 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
nwith 25 20 26 16 27 15 17 19 25 7
Ntotal 25 20 26 16 28 17 17 19 28 25
100These were mounted at front-center, mid-rear and upper door positions
101Comments were attached to each measurement in which the data was classified as: questionable, channel
failed or as measured. Only as measured was used in the analysis
102Acceleration was recorded in G’s and was converted to a velocity (ms−1)
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Comparing vehicles of different stiffness clusters
Clustering vehicles by residual intrusion would allow for the dynamic door response to be
compared. Figure 7.2 illustrates a scatter plot of residual intrusion resultant from the barrier
impact as a function of vehicle year. Clusters of stiffness groups were then defined according
to 20mm intrusion intervals. The red numbers on the right hand side, indicate the sample
sizes within each stiffness cluster.
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Fig. 7.2 Maximum residual intrusion from vehicles equipped with accelerometers in door
from barrier impacts.
Determining average time-velocity response for a given stiffness cluster
The following section reports on the average response for a group of vehicles categorised
within an equivalent stiffness cluster. Those vehicles equipped without tSAB and experienced
340-360mm resultant intrusion (n=8). For illustrative purposes, those vehicles with tSAB
deployment and a similar stiffness were initially ignored (n=6). It was desired to maintain a
simple dataset in order to create a series of explanatory figures. The accelerometer responses
for the eight vehicles103104 are plotted in Figure 7.3a.
At ∼20ms, the difference in individual door responses appears noisy, however all eight
vehicles in the selected cohort demonstrated an absolute maximum before velocity decreases
again. This concurs with the previous research from the University of Waterloo, Canada
[Campbell and Cronin (2014); Watson et al. (2009)]. In a raw analysis one could determine
103All measurements were taken from front-center position
104The dataset reduces to 8 vehicles from the original 22 in Figure 7.2, as vehicles fitted with tSAB were
removed (n=6) and questionable/channel failed data (n=8) were removed.
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Fig. 7.3 Velocity-time response of door.
the median response for the given vehicles at each time-step. By accounting for the 25
and 75th percentiles of the median, one was able to calculate a response corridor over each
time-step. This is shown in Figure 7.3b. The blue lines indicates the average response in
which an absolute (average) maximum intrusion was obtained at 20ms, before the valley-like
characteristic response was incurred thereafter, and finally a secondary peak velocity at 30ms.
The median curve yields a plateau-like response after 30ms for another 20ms. This
corresponds to the full engagement of the vehicle structure. Elements such as the door
beam, the design of the floor sill and additional work of the B-pillar are now deforming in
synchronisation – absorbing impact energy. Velocity further decreases from 50ms where the
maximum deformation has occurred and the vehicle begins to move laterally. The rebound
phase of the barrier begins at roughly 70ms, where a slight increase in velocity was the result
of loading bearing structure collapse [Payne et al. (1997)].
The width of the corridor was simply too wide to confer meaningful results. One cannot
expect when carrying out a similar analysis with a different (vehicle) stiffness cluster that,
average response (inclusive of corridor) would differ.
One of the reasons that the intervals remain wide was due to the time-shift jitter associated
with each vehicle. This was evident from the width of response curves derived in the period
where velocity first increases in Figure 7.3a. Whilst all accelerometers are initiated at a given
time prior to impact, the relative width of the responses in the first 10ms was concerning. To
investigate this further the maximum intrusion velocity obtained for each of the vehicles was
analysed. For this, refer to Figure 7.4.
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Fig. 7.4 Time at which maximum intrusion velocity for vehicles used in Figure 7.3a was
obtained.
Maximum peak intrusion velocity was obtained between 15-20ms for the given vehicles.
As the response corridor developed in Figure 7.3b accounted for the standard deviation at
each time-step, the width of the corridor allowed for plenty of room to wiggle. In other
words, where a velocity may have reached its peak at 20ms, another vehicle’s response
may be reducing in velocity - thus the wide interval. This highlights a limitation associated
with the raw analysis to derive average response corridors. That the given door intrusion
characteristics which were described by the University of Waterloo research pieces are likely
suppressed by slight differences in time response associated with each vehicle.
One manner to overcome such issues would be to normalise the time at which maximum
intrusion velocity was obtained by manner of cross correlation. Yet the primary aim if the
chapter was to assess if the dynamic motion of the intruding door has reduced in a similar
manner as that seen with the residual intrusion. Therefore, a much simpler analysis can be
conducted. It is known that:
• Maximum intrusion velocity is obtained ∼20ms
• Post this initial peak, door velocity decreases (into a valley)
• A secondary peak intrusion velocity is incurred at ∼30ms
Therefore, one can simply establish the (absolute) maximum velocity obtained over the entire
impact duration, and a secondary (localised) peak velocity obtained after 27ms. Consequently,
these peak values (absolute and localised) can easily be compared between the vehicles of
different stiffnesses.
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Results
Comparing vehicles of different stiffness clusters, absolute maximum velocity
The maximum intrusion velocity is plotted in Figure 7.5 for an array of vehicle stiffness
clusters. The clusters are defined based on 20mm intrusion intervals and are summarised in
the legend105. Reading from right to left, the vehicles increase in stiffness - as they underwent
less intrusion from the barrier impact. The inter-quartile range of the boxplots are generally
overlapping to some extent, so no (statistically) significant result can be inferred, however a
distinct trend becomes apparent. The median values for maximum intrusion velocity steadily
decrease from right to left. As the energy imparted into the collision from the barrier remains
constant, the negative-sloped trend suggests that the stiffer vehicles, not only reduce the
maximum residual intrusion but also the peak intrusion velocity of the door. As there are few
outliner points in Figure 7.5, one was able to interpret the whiskers106 as containing all the
values of absolute maximum intrusion velocities. The two extreme stiffness groups (most
and least) contain overlapping whiskers and this lends support to only a trend being inferred
from the data.
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105s.280-300 are the cluster of vehicles whom underwent 280-300mm of static residual intrusion
106Tukey style boxplots as described in Chapter 5
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Comparing vehicles of different stiffness clusters, secondary maximum velocity
Figure 7.6 analyses the secondary peak of intrusion velocity, that incurred after 27ms. The
trends in Figure 7.6 and 7.5 are similar and indicate that a reduction in a secondary peak
velocity was associated with newer vehicles. This secondary peak velocity correlates to the
dummy rebounding off the door. The median velocity for the stiffest vehicles (s.280-300)
was 8.56ms−1, whereas for the least stiff (s.400-420) vehicles, the velocity was 11.12ms−1.
The inter-quartile range for these two groups were not overlapping, thus inferring with a
greater level of certainty, that the door intrusion velocity and dummy rebound, has been
reduced. The median vehicle year for the s280–300 and s400–420 groups were 1998 and
2002, respectively, where the distributions between the two groups significantly differed
(Wilcoxon’s rank sum , W=253.5, p-value <0.001).
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7.3 Discussion
In chapter six it was demonstrated that vehicles with a late-model vehicle year generally
yielded less residual intrusion than earlier model vehicles in the event of a lateral barrier
impact. The results from the current chapter indicated that those vehicles which underwent
less residual intrusion, also demonstrated reductions in maximum and secondary peak door
intrusion velocity. Such a result indicates a correlation between reduced residual intrusion
and velocity of the intruding door when maximum peak velocity was obtained and when
114
7.3 Discussion
the dummy rebounds off the intruding door. These two trends have contributed to improved
fleet-wide crashworthiness ratings for lateral collisions. Thereby, the concerns of Strother et
al. (1984) in which it was stressed that the relative velocity of the intruding door needs to
be reduced has been addressed by vehicle structural and safety engineers. The ability of the
tSAB to reduce the second peak velocity was not investigated solely due to the small sample
sizes available.
The findings of this chapter, complement those from chapter five, in that one must
meticulously account for changes in fleet stiffnesses if they are able to accurately estimate
tSAB efficacy. As the units have been continuously integrated into a fleet of vehicles which
also offer stronger intrusion resistance (both in terms of static and dynamic behaviour), much
of the previous literature identified in the Side Airbag Accidentology section of chapter two
failed to account for such stiffness changes. Nonetheless, significant improvements have
been achieved with optimisation of the vehicle structure and this has consequently improved
occupant safety in the event of a lateral impact.
It is important to recall the Discussion section from chapter 3.2. Volvo engineers con-
ducted lateral crashes using two 1992 and 2008 model vehicles, to replicate a traditional
barrier impact style collision. It was demonstrated that although residual intrusion was
reduced, the door velocity at the time of occupant loading was similar [Sunnevang et al.
(2010)]. Yet, from the Controlled Collision Environment, it was just shown the velocity
of the door at time of occupant rebound has been reduced. This trend, however, was only
associated with one loading case, in which a fixed barrier collided against the vehicles at a
given speed, injecting a given amount of energy into the impact. While the Volvo tests aimed
to replicate the barrier-style impact, the bullet object was a real vehicle. One knows that the
vehicle’s longitudinal stiffness has also increased with vehicle year (for example, as shown
by Esfahani et al. (2011); Swanson et al. (2003)). In chapter two, a fundamental concept
of vehicle crash compatibility indicated that the velocity of the intruding door is governed
by longitudinal to lateral stiffness ratio of the two colliding vehicles [Careme (1991)]. So
while the barrier stiffness has remained constant, the longitudinal stiffness of the vehicle fleet
has increased. Therefore, one cannot infer that such a result from the Controlled Collision
Environment can be projected to the real-world.
Proposed methodology to further evaluate the research question
The statistical analysis was restricted by the sample size and lack of current model vehicles.
The use of computer simulations could again be implemented to further analysis of the con-
tributory research question outlined in Figure 1.1. It would provide the means of quantifying
the improved vehicle rigidity associated with the current vehicle fleet. The use of such tools
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could easily be traced within a popular vehicle model, such as the Volkswagen Golf. This
could be achieved by integrating the material property card from the a previous vehicle model
to the successive model. Likewise, the structural optimisations (such as those indicated in
Figure 3.3) could be iteratively included into a simulation of the same vehicle model.
7.4 Chapter summary
The purpose of the chapter was to:
• account for the previously mentioned limitation of crash analysis and assess if the
dynamic motion of the intruding door has reduced in a similar manner as residual
intrusion
The analysis of a given set of vehicles indicated that in a fixed-energy barrier impact:
• A correlation was found between residual lateral intrusion and dynamic motion of the
intruding door
– The magnitude of intruding door-velocity for newer and generally stiffer vehicles
(in terms of residual intrusion) was less than that incurred by older, less stiff
vehicles. This conclusion bridges one of the gaps of current knowledge by
investigating the dynamic properties of the impacted door.
• The dummy-based thoracic benefit which was attributed to the tSAB deployed vehicles
in chapter 7 was likely to be partly attributed to the motion of the door.
The chapter highlights one of the reasons why evaluation of the tSAB is a complex issue,
especially when considering thoracic injury. As
• Newer, stiffer vehicles not only undergo less residual intrusion, but also the velocity of
the intruding door has been reduced
– If contact was to be made with the occupants thoracic region, it would be
’punched’ with lower magnitude
• The greater stiffness of the fleet parallel to the increased availability of the tSAB may
account for the series of literature which suggested a protective effect of the tSAB in
field data.
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Chapter 8
Thoracic Side Airbag Effectiveness in
Lateral Fixed-Object Collisions
8.1 Introduction
In chapter six it was demonstrated that the crash test/dummy concept for vehicle validation
associated with vehicle-vehicle collisions is taking the abstracting process too far as to not
represent real-world traffic accidents. Consequently an optimized tSAB has been developed
for the dummy which infers no unequivocal benefit for the occupant. It was important
to recognise and assess the efficacy of the tSAB in lateral fixed object collisions. After
all, manufacturers have claimed that the pole test is structurally more challenging than
the barrier test (Federal Register, 2008, p.40020). The proceeding chapter acknowledges
the complications associated with lateral collisions and attempts to quantify the protection
provided by the tSAB in vehicle-fixed object collisions. Lateral impacts with narrow objects
present different issues for vehicle safety engineers as they subject the side of the vehicle
to highly concentrated loading that is difficult to resist. Under the more harsh and localised
intrusion profiles that are incurred during pole impacts, the tSAB may be more critical for
thoracic protection despite their negligible representation in real-world lateral collisions107.
As mentioned in chapter three, throughout the 1980s a body of literature was accumulating
which highlighted the injury risks associated with fixed object collisions. From a medical
perspective, the HFN region contributed to over 50% of all sustained injuries [Troxel et al.
(1991)]. The research led to a proposal of a purely lateral fixed-object crash test which was
strongly orientated to real-world collisions [Ray and Carney III (1993)]. The primary aim was
to address issues pertaining to head trauma and this was integrated into FMVSS 201 (lateral)
107Pole collisions account now for only 4% of all side collisions [NHTSA (2015b)]
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and later into FMVSS 214. The testing protocol was modified in the US to account for an
oblique impacting orientation, where such a test was integrated into NHTSA’s NCAP108. The
fundamental concerns attaining to tailoring the protocols in favour for the oblique orientation
were associated with inconsistent (dummy based) head injury risk values [Federal Register
(2004b)]. A series of oblique crash tests indicated that larger thoracic-head airbags which
were being used by some manufacturers resulted in extreme head injury metrics as the head
was not protected by the airbag109110.
Initially optional, a pole test was implemented into Euro NCAP’s model rating since
2009. This test was run at 29 km/h and it was at 90 degrees to the longitudinal axis of the car.
From June 2014, the pole test was changed to mirror the US style pole test [van Ratingen
et al. (2016)]. Yet, the prevalence of single vehicle collisions has reduced in the modern
vehicle fleet, and may be partly attributable to ESC [Fildes et al. (2013); Zobel et al. (2007)].
With shifting legal regulations vehicle manufacturers were often proactive and responded by
introducing passive safety measures, such as thorax and head side airbags, into the vehicle
fleet - and brought upon the renaissance period that was discussed in chapter two. Again
crash data obtained from the Controlled Collision Environment and Real-World MVCs are
reviewed.
8.2 Oblique pole test in the Controlled Collision Environ-
ment
The oblique pole test is one load condition used in the Validation Test domain (Controlled
Collision Environment – Figure 2.1) which is used to generate safety ratings and validate
vehicle platforms around the world. It appears in both the European and US NCAP testing
protocols. While the impacts are conducted at the same angle and severity on either side of
the Atlantic, there is one slight difference. The US use a NHTSA SID-II dummy111 sat in the
front nearside seat whereas the Europeans upgraded the procedures in 2016 [Euro NCAP
(2015)] to include the WorldSID112. Chapter six mentioned that a 5th%ile dummy has a
108A similar pole test is used in Euro NCAP and UN R135
109Head (Skull) injuries are predicted by the Head Injury Criterion (HIC) [SAE (1984)], which is based on
acceleration of the head
110For a given vehicle in a oblique pole test, HIC was recorded at a value of 5,254. Yet when the vehicle was
tested in an lateral manner, HIC was 130 (Federal Register, 2004a, p.27998)
111To represent a 5th%ile female occupant
112Representing a 50th%ile male occupant
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Fig. 8.1 The Impact reference line defining direction and location of pole impact. Source:
Euro NCAP (2015)
smaller chest and waist circumference113 and consequently more survival space than a
50th%ile dummy.
The test is conducted with an oblique orientation, where the Impact Reference Line of the
pole is the line formed on the driver side of the test vehicle by the intersection of the exterior
surface of the vehicle and a vertical plane passing through the centre of gravity of the head of
the dummy [Euro NCAP (2015)], as shown in Figure 8.1. Vehicles collide against pole with
a target speed of 32.0±0.5kmh−1 in Europe [Euro NCAP (2015)] or 32.2±0.8kmh−1 in the
US [NHTSA (2012b)]. As the energy imparted into the collision is dependent on vehicle
mass, a direct measure of vehicle self-protection can be obtained from the test.
Influence of vehicle mass in the pole test
NHTSA’s VCT database which was introduced in chapter six is revisited. All lateral oblique
pole tests from 2010 onwards were obtained from that database – these included NCAP
(standard and optional), FMVSS 214 and Validation New Car Assessment Test (as identified
by the TSTTYP variable). The pole test was phased into the NCAP envelope for model year
2010 vehicles and into FMVSS 214 from September 1st, 2012. All pole impacts were of an
oblique nature (identified by the CRBANG variable – set to 285) and had a collision velocity
(CLSSPD) of 32.20±0.80kmh−1 [NHTSA (2015b)]. A total of 349 oblique pole tests were
obtained from the database.
Clusters of vehicles were defined according to their vehicle mass114. In a similar manner
to Figure 6.2 we plot the difference in residual intrusion from the oblique pole test with
250kg weight clusters. Figure 8.2 demonstrates an evident trend, that the heavier vehicles
113∼ 100mm difference in chest circumference
114Empty, not curb
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Fig. 8.2 How residual static intrusion has changed per vehicle year for the oblique pole test.
undergo more intrusion. This most likely correlates to the vehicle weight as a single increase
of 100kg in vehicle weight results in a further ∼3.2kJ required to be dissipated.
To take the investigation further one can look at a series of different weight-clustered
vehicles. Figure 8.3 shows the resultant residual intrusion, pre-impact SID-II dummy position
within the passenger compartment and the (Pole)-Impact Reference Line for a series SUV
(above) and passenger vehicles (below).
Figure 8.3a indicates that the residual lateral intrusion associated with the SUV vehicles
was much more aggressive than the passenger vehicles, as intrusion exceeded the nearside
window sill. At the same time the Impact Reference Line for the pole impacts was aligned
with the centre of the door (Figure 8.3c) and all dummies were generally seated in the
middle of the door where no seat back was hidden behind the B-pillar (8.3b). While the
stiff B-pillar was not directly impacted, one cannot be sure to what extent, or if at all, it was
able to dissipate a greater distribution of the impact energy for the smaller vehicles. All
measurements in the (freely available) technical crash reports only consider dummy-steering
wheel and dummy-armrest distances, so one was not able to accurately measure the distance
to the B-pillar. As the barrier crash is held at a fixed collision speed the heavier vehicles
(such as an SUV [Wenzel (2012)]) are required to dissipate more energy and this is likely the
catalyst for the greater intrusion. So while it was documented in the Federal Register that the
pole test is structurally more challenging than the barrier test, it becomes obvious that this
challenge escalates with vehicle weight because of the increase in energy to be dissipated.
Dependency of the dummy in the pole test
Changes to the Euro NCAP testing protocols were upgraded in 2016 which saw a larger
dummy seated in the vehicle. Table 8.1 lists all vehicle platforms which have been tested
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SUV-1 (Test No.8532) SUV-2 (Test No.9251)
PV-1 (Test No.7511) PV-2 (Test No.8489)
(a) Post-Test residual intrusion from Top View
SUV-1 (8532) SUV-2 (9251)
PV-1 (7511) PV-2 (8489)
(b) Pre-Test Left Side View of Dummy Showing
Belt
SUV-1 (8532) SUV-2 (9251)
PV-1 (7511) PV-2 (8489)
(c) Pre-Test Left Side View of Test Vehicle with
Impact Reference Line marked on front door
Fig. 8.3 A series of pre- and post-impact photos of pole test impacts. SUVs are shown in the
top row and passenger vehicles (PV) in the bottom row. All photos are freely available from
the VCT database under the given test numbers. Source: NHTSA, 2017.
121
Thoracic Side Airbag Effectiveness in Lateral Fixed-Object Collisions
Table 8.1 All vehicles tested under the Euro NCAP updated pole test procedures as of Septem-
ber 2017. The tests with with strike-throughs are the Euro NCAP categorised Supermini
vehicles and the highlighted vehicles are those which have had similar models tested in the
US.
Test Year Manufact Make Euro NCAPVeh. Class
Pole impact
thorax rating
Older platform
tested in US
2017 Ford Fiesta Supermini Adequate ✓
2017 Jeep Compass Small Off-Road Poor ✓
2017 Kia Picanto Supermini Good ×
2017 Kia Rio Supermini Good ✓
2017 Mazda CX-7 Small Off-Road Good ×
2017 Mercedes C-Class Large Family Car Weak ✓
2017 Opel Ampera-e Small Family Car Adequate ×
2017 Opel Grandland X Small Off-Road Adequate ×
2017 Renault Koleos Large Off-Road Good ×
2017 Alfa Romero Stelvio Large Off-Road Good ×
2017 Ford Mustang Roadster Sport Adequate ✓
2017 Honda Civic Small Family Car Good ✓
2017 Hyundai i30 Small Family Car Marginal ×
2017 Opel Insignia Large Family Car Good ×
2017 Seat Ibiza Supermini Adequate ×
2017 VW Arteon Large Family Car Adequate ×
2017 MINI Countryman Small MPV Good ×
2017 Nissan Micra Supermini Adequate ×
2017 Skoda Kodiaq Large Off-Road Adequate ×
2017 Suzuki Swift Supermini Good ×
2017 BMW 5 Series Executive Adequate ✓
2017 Fiat Doblo Small MPV Good ×
2017 Audi Q5 Large Off-Road Marginal ✓
2017 Citreon C3 Supermini Adequate ×
2017 Fiat 500 Supermini Good ✓
2017 Ford Ka Supermini Good ×
2017 Land Rover Discovery Large Off-Road Good ×
2017 Toyota C-HR Small Off-Road Good ×
2017 Volvo S90 Executive Adequate ×
2017 Volvo V90 Executive Adequate ×
2016 Audi Q2 Small Off-Road Good ×
2016 Ford Edge Large Off-Road Marginal ✓
2016 Hyundai Ioniq Small Family Car Good ×
2016 SsangYong Tivoli Small Family Car Adequate ×
2016 SsangYong XLV Small Family Car Adequate ×
2016 Suzuki Ignis Supermini Adequate ×
2016 Fiat Tipo Small Family Car Good ×
2016 Mercedes E-Class Executive Adequate ✓
2016 Peugeot 3008 Small Off-Road Adequate ×
2016 Kia Niro Small Family Car Good ×
2016 Renault Scenic Small MPV Adequate ×
2016 Suburau Levorg Small Family Car Adequate ×
2016 Toyota Hilux Pick-up Good ×
2016 Alfa Romero Giulia Large Family Car Adequate ×
2016 Seat Alteca Small Off-Road Adequate ×
2016 VW Tiguan Small Off-Road Good ✓
2016 Suzuki Baleno Supermini Weak ×
2016 Toyota Prius Large Family Car Weak ✓
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against the pole load case since 2016115 and the relevant Euro NCAP defined rating116 for
the WorldSID’S thoracic region. Also listed in the table is the Euro NCAP Vehicle Class
category and if a similar117 vehicle has been tested in the US. All Euro NCAP categorised
Supermini vehicles are de-emphasized by the strikethrough as intrusion is not over aggressive
for them.
As vehicle manufacturers develop and sell vehicles for America and Europe, one cannot
compare dummy-based injury risks between the two tests. A direct comparison of dummy-
based injury risk cannot be easily made for a series of reasons: one being the superiority
of WorldSID biofidelity118. Secondly in sled testing the SID-II sustained higher thoracic
forces than the PMHS [Yoganandan and Pintar (2005)]. Furthermore, as the two dummies are
representative of different sized humans their susceptibility to injury and consequent injury
risk curves are different [Daniel et al. (1995); Petitjean et al. (2009)119120]. Additionally
each ratings agency has their own scoring method. While Euro NCAP release body-region
specific injury risks for each load case, US NCAP provide an overall rating for the pole test
and maximum dummy metrics.
Ten vehicles had similar models121 tested in the US, as highlighted in Table 8.1. The
relevant model year tested and the overall pole rating and maximum (dummy) thoracic rib
deflection is shown in Table 8.2. The vehicles tested by Euro NCAP are generally later-model
platforms than those tested in the US. One can assume that any model generation iteration
would not result in a structurally (lateral) inferior vehicle, given manufacturers were well
aware of the Euro NCAP-WorldSID upgrade. That is not to imply that the structures are
better though, the differences may be resultant from refined restraint system.
The majority of vehicles tested in the US obtained very good overall safety ratings for
the pole test, with 8 from 10 receiving a five star rating. This rating is difficult to interpret as
it was determined by the overall dummy risk of injury - more precisely, one was unable to
infer that 5 stars rating translates directly to a low thoracic injury risk. Therefore, the SID-II
rib deflections are presented at the same time.
115Version as of October 2017
116All (dummy) body regions are rated as Good, Adequate, Marginal, Weak or Poor according their risk of
injury, however how these ratings associate with injury risk is propriety
117Generally older
118The WorldSID being more biofidelitic than the ES-2re [Kim et al. (2016)], which was developed from the
EuroSID-1,and the EuroSID-1 demonstrated better biofidelitic characteristics over the SID-II (Federal Register,
2004a, p.70950)
119Biofidelity of the SID-II were scaled from mid-sized male (Nahum and Melvin, 2002, p.82 - Chapter
written by H. Mertz)
12050% probability of thoracic AIS3+ injury for the SID-II and ES-2re (also 50%ile) dummies is 37.8 and
65mm, respectively [Kuppa (2004)].
121All vehicles were required to have the same number of doors
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Table 8.2 Those vehicles from Table 8.1 which had similar models tested in the US.
Test Year Manufact Make
World SID
thorax rating
Model year
tested in US
Ovrl. Side Pole
Star Rating
Max. SID-II
rib deflection
2017 Jeep Compass Poor 2014 5 Stars 32
2017 Mercedes C-Class Weak 2015 5 Stars 27
2017 Ford Mustang Adequate 2015 5 Stars 24
2017 Honda Civic Good 2016 5 Stars 19
2017 BMW 5 Series Adequate 2011 5 Stars NA
2017 Audi Q5 Marginal 2014 5 Stars 19
2016 Ford Edge Marginal 2015 5 Stars 25
2016 Mercedes E-Class Adequate 2017 5 Stars 18
2016 VW Tiguan Good 2013 4 Stars 24
2016 Toyota Prius Weak 2016 2 Stars 19
The Jeep Compass received a poor World-SID thoracic rating but also underwent the
largest amount of SID-II rib deflection. When comparing the Audi Q5 ratings which saw a
new platform released in Europe, the SID-II incurred the equal second-least rib deflection
of the listed vehicles however the World-SID received a Marginal rating. The Mercedes
E-Class was the only vehicle with a later model year vehicle tested in the US, where SID-II
rib deflection was the lowest of all vehicles incurred. Yet when tested in Europe, the dummy
obtained an Adequate WorldSID thorax rating. These last two examples highlight a trend in
which the new vehicles did not obtain the highest safety rating for the thoracic region with a
larger dummy.
The design of a new vehicle platform is a complex affair which requires a trade off
between vehicle structure and weight in attempt to maximise safety ratings. As such, one
would not expect the relative lateral stiffness to weaken with a newer platform. Figure 6.2
indicated the opposite relationship. The WorldSID dummy has less survival space than used
in the US. Further work needs to identify, if the restraint systems or vehicle structure have
been optimised. The results from consumer tests are beginning to highlight the dependency
of dummy position on thoracic injury risk in the pole test. The most effective manner to
reduce injury risk is to reduce the dynamic motion of the intruding door, which is correlated
with the residual stiffness (as indicated in Chapter 7). Although the present work identified
a possible trend associated with the size of the crash dummy and pole impact safety rating,
the data was not adequate to draw statistically-based conclusions. This trend should be
investigated further when more crash test data becomes available.
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8.3 Performance of the tSAB in Lateral Fixed-Object
Collisions
Research reported in chapter five extended the assessment of tSAB effectiveness by isolating
modern vehicle-vehicle lateral collisions in NASS-CDS and accounted for both the change
of energy and the extent of intrusion. Chapter six was able to accurately account for vehicle
stiffness changes to further evaluate tSAB efficacy. The proceeding Chapter acknowledges
the complications associated with lateral collisions and attempts to quantify the protection
provided by the tSAB in vehicle-fixed object collisions. Lateral impacts with narrow objects
present different issues for vehicle safety engineers as they subject the side of the vehicle to
highly concentrated loading evident in 8.3a. Under the more harsh and localised intrusion
profiles that are incurred during pole impacts, the tSAB may be more critical for thoracic
protection.
Hayashi et al., (2008) indicated that the potential number of rib fractures reduced from
24 to four when a thoracic airbag deployed during lateral loading with a pole. Although four
possible rib fractures would still infer a serious thoracic injury [AAAM (1998, 2008)], the
authors claimed the localisation of rib fractures was not within the region covered by the
deployed airbag122. Therefore, one should expect a distinctive benefit to be apparent for the
passive safety technology in fixed-object collisions.
Aim
The following research investigates the effectiveness of the passive safety systems solely
from a vehicle-fixed object perspective. Lateral pole and tree collisions are obtained from the
NASS-CDS database and injury rates are compared for modern vehicles with and without
the deployed airbag systems.
Resources
NASS-CDS
As the prospective research by Hayashi et al., (2008) proposed that airbag effectiveness
should be apparent for a particular lateral impact constellation, the more comprehensive
NASS-CDS MVC database was favoured over GIDAS. NASS-CDS collects information on
122The authors did state that the accuracy of the model in regards to the number of predicted rib fractures
needs to be verified. Thus the conclusions of Hayashi must be results must be interpreted with caution. The
limitations of the methodology used to predict rib fracture is discussed in Section 9.2.4–Model-based stress and
strain
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twice as many GIDAS collisions per year [NHTSA (2015c); Pfeiffer and Schmidt (2006)].
The peculiar impact constellation of interest was defined as that most similar to the lateral
pole impact as outlined in the Hayashi et al., study.
The similar NASS-CDS collisions outlined in Chapter Five were used, however the
collision partner had to be a fixed object123. Namely, the study filtered the NASS-CDS
for collisions between 1999-2014, with a vehicle year 1998 and later, occupants had to be
seated on the nearside and in the front row of the collision. Intrusion parallel to the occupant
compartment was also an requirement124 and all rollover collisions were excluded. All
collision photos were individually reviewed to identify the type of deployed airbag systems
outlined in Section 2.2. These different systems would offer differing degrees of thoracic
protection, as well as to other body regions.
A total of 209 raw events (60,794 weighted) were obtained, of which 38 (2,784 weighted)
vehicles provided additional thoracic protection with the tSAB and 28 (2,450 weighted)
which had a hSAB. Despite the low number of raw cases, the majority of the analysis focused
on weighted data. The initial research into lateral fixed object collisions was presented with
the same issue and the authors proceeded by using the weighting factors [Ray (1999); Troxel
et al. (1991)].
Methods
Injury Scaling
The ISS, first mentioned in chapter two, was used for injury aggregation in section. The
ISS was defined as the sum of squares of the three body regions with the highest maximum
AIS (referred to as AIS triples, x,x,x) [Baker et al. (1974)]125. The method was extended
to the body region with the New Injury Severity Score (NISS) [Osler et al. (1997)]. For the
purposes of this study intervals of injury severity were defined with NISS≥9 and NISS≥16.
These values correspond to shifts in the traditional MAIS intervals (AIS triple 3,0,0 and
4,0,0). Table 8.3 below provides a short overview of the relationship between NISS and AIS
codes.
As injury coding was done according to the AIS98 systems, all concussion injuries (coded
with an AIS=2 score) were ignored.
To evaluate the supplementary benefit associated with the airbag systems, the risk of
injury was obtained. The risk was calculated by dividing the number of occupants incur-
123Struck either a pole or tree (identified through OBJCONT) with primary damage incurred to the vehicles
side (using the PDOF orientations outlined in Chapter 5)
124Using CDC a lateral impact location of D, P, Y or Z
125The transformation from AIS–ISS is convoluted, as 3,3,0 triple is a more severe injury than a 4,0,0 triple
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Table 8.3 AIS Triples per body region and corresponding NISS value
AIS Triple NISS AIS Triple NISS AIS Triple NISS
1,0,0 1 3,0,0 9 4,1,0 17
1,1,0 2 3,1,0 10 3,3,0 18
1,1,1 3 3,1,1 11 4,1,1 18
2,0,0 4 2,2,2 12 3,3,1 19
2,1,0 5 3,2,0 13 4,2,0 20
2,1,1 6 3,2,1 14 4,2,1 21
2,2,0 8 4,0,0 16 3,3,2 22
2,2,1 9 3,2,2 17
ring serious injury by the number of occupants with a known injury status (NISS0+F).
The value quantifies the risk that an occupant incurs injury, given they were involved
in collision with a fixed object. Cohorts of occupants in vehicles were defined accord-
ing to the airbag availability and further stratified into lateral intrusion intervals126. The
Fig. 8.4 Defintion of equivalent
collisions. How intrusion at a
given point was used to mirror the
Hayashi et al., (2008) loading con-
ditions. Although two different im-
pact configurations, the vehicle un-
derwent the same lateral intrusion
at the reference point.
intervals were obtained directly from those recorded by
the team of on scene investigators.
A point of reference was defined at the nearside front
door side, three quarters along the door length from the
front wheel. Therefore, vehicle characteristics including
deformation patterns were examined from photo docu-
mentation. In 2008, the NASS-CDS survey underwent a
series of upgrades that focused on the vehicle structural
behaviour during side impacts. Investigators recorded
the depth of door intrusion at the rear quadrants (those
closest to the occupant), and where appropriate these
measurements were used. These were low, medium or
severe intrusion categories. For the pre-2008 events, the
intrusion was taken as that corresponding to the measure-
ment from the door panel. In less than 10% of the cases
no technical measurement was given. These photos were
individually reviewed by the author and classified in the
low/medium/severe intrusion bins, based the degree of
damage to the front door. The author had reviewed all
other case photos, so the categorising into the three bins
was assumed to impede no additional bias. Figure 8.4 in-
126Intrusion intervals were obtained directly from that coded in NASS-CDS
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dicates how two different impact scenarios were deemed
similar despite each undergoing contrasting depths of maximal intrusion.
All calculations were based on weighted values using survey analysis techniques (survey
package in R) [Lumley (2004)]. Risks and standard errors were obtained from a study
design which accounted for the two-phase PPS sampling (Equation 5.1). The function
survey.lonely.psu (survey package) was integrated where appropriate to account for the
variance estimation when only few collisions were present within each PSU. No collision
had a weighting value exceeding 5,000.
Although the importance of vehicle weight was emphasized previously, the following
analysis used residual intrusion as a measure of collision technical severity. Therefore, one
can make a direct comparison between vehicle groups.
Case weighting
The sample size was the smallest presented in the thesis. It would make it difficult to draw,
with precision, accurate efficacy estimates for the vehicles with/without thoracic side airbags.
Therefore,the influence of projecting the 209 raw events to over 60,000 weighted events was
investigated in Appendix Figure E.2. Raw point-estimates for injury risk and 95% confidence
intervals [Wilson (1927)] were calculated.
Airbag Availability
Vehicle interior photos were reviewed to identify the presence of the deployed airbag systems.
Units providing thoracic coverage (tSAB) were defined as the small thorax airbags (used in
isolation or with curtain airbags), and the larger thorax-head or thorax-abdomen airbags.
As thoracic injury risk changes with age, a non-parametric Wilcoxon’s rank sum test was
used to compare median age of the groups. Head protection airbags (hSAB) were defined by
the larger thorax-head or curtain airbags.
The need to protect the injured
While the analysis critiqued the level of protection afforded to the passive safety systems for
the relevant body regions, a further aspect was to assess the overall injury severity incurred
to the occupant. Minimal benefit would be obtained if one were to protect the thorax if other
body regions were concurrently severely injured. Only thoracic and HFN injury were of
interest as they had been shown to be more prominent amongst modern, airbag equipped
vehicles [Sunnevang et al. (2015)]. As such, when an occupant incurred a serious injury
{NISS ≥ 9,16}, the distribution of other injured body regions was visualised by the use
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of Venn diagrams. For this section of the analysis, the study focused on the raw counts of
injured occupants.
Results
Injury risk
Figure 8.5 summarises the risk of occupant injury for severities at various intervals of residual
intrusion. Cohorts were further developed according to availability of the airbag systems
to allow for effectiveness estimations to be determined. Summary tables of the projection
of raw events to weighted values appear in Tables E.1-E.4. Injury risk for raw counts of
collision data are shown in Figure E.2.
Thoracic injury and the thoracic side airbag
Median occupant age for all of the fixed-object collisions with tSAB was 26.5 years and
without was 27.0 years. The distributions in the two groups did not significantly differ
(Wilcoxon’s rank sum , W=3473, p-value 0.507, nwith = 38 and nwithout = 171). The median
age where thoracic injury was incurred was 27.0 and 28.0 years for the occupants with and
without the tSAB respectively, again the distributions in the two groups did not significantly
differ (W=573, p-value 0.310, nwith = 16 and nwithout = 39).
Injury risk for the thorax was compared over given intrusion and injury severity intervals
as depicted in Figure 8.5-1), and the corresponding Appendix table (Table E.1) provides
details of the raw and weighted events. The far left block describes the risk of injury for
all vehicles, the middle segment shows collisions with tSAB deployment and those without
the tSAB are on the right. When shifting to a greater amount of residual intrusion, the risk
of occupant injury gradually rises for all injury severities. For residual intrusion between
15-30cm, Occupants with the deployed airbag appear to be at a greater susceptibility to
a NISST HO ≥ 4 injury compared to occupants without the airbag (injury risk with tSAB
0.555±0.279, without 0.088±0.047). For {NISST HO ≥ 9,16} injuries, risks did not differ
between airbag availability. Occupant risk of injury did not differ between tSAB availability
for the 3-15cm and 30-46cm interval.
Pelvic injury and the thoracic side airbag
The risk of pelvic injuries is described in Figure 8.5-3), the results indicate that injury risk only
became apparent when intrusion exceeded 30cm. Below this rate all injury risks regardless
of airbag availability did not exceed 2%. At this maximum range of residual intrusion,
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occupants exposed to the deployed tSAB were at a lower risk of NISSPEL ≥ 16 injury than
those not exposed (injury risk 0.013±0.018 and 0.323±0.171). {NISSPEL ≥ 4,9} injury
risk did not between tSAB availability groups (injury risk with tSAB 0.470± 0.172 and
0.400±0.210, injury risk without tSAB 0.380±0.162 and 0.323±0.171).
Abdomen injury and the thoracic side airbag
Abdomen injuries were incurred least frequently relative to the other body regions, as
indicated in Table E.4. Similar to pelvic injuries, the risk only become apparent when
residual intrusion exceeded 30cm. Within the 15-30cm interval, no injuries were sustained
by the occupants exposed to the deployed tSAB, whereas those without had a slight risk of
injury (NISSPEL ≥ 4 = 0.027±0.031).
HFN injury and the head side airbag
Figure 8.5-2), describes how the risk of injury changes for different amounts of lateral
intrusion and then isolates the risks for vehicles with and without head protection. When the
head protection was available and deployed, no occupant incurred a NISSHFN ≤ 16 when
lateral intrusion was 3-15 or 30-46cm, and no occupant was injured within the 15-30cm
interval. A constant shift between {NISSHFN ≥ 4,9,16} injuries was seen for the vehicles
without the hSAB for each interval of intrusion.
The need to protect the injured
Regardless of tSAB availability, the raw events where the occupant sustained thoracic injury
{NISST HO ≥ 9,16}) were segregated. The distribution of other body regions which were
simultaneously injured to the thorax was investigated. The counts of occupants are shown in
Figure 8.6. The diagram indicates that 30% of lateral impacts saw only the occupant’s thorax
substantially injured, 37% saw more than two body regions injured. Most prominent in the
sample was 53% of occupants incurred a head injury. When a more severe thoracic injury
was incurred (NISST HO ≥ 16), a quarter of the occupants received no other injuries, while
60% were additionally in the head/face/neck.
The same approach was applied to HFN injuries, however occupants required a NISST HO≥
16 injury, as no injury was incurred at lower severities when the hSAB deployed. Results are
shown in Figure 8.7. In 41% collisions, only the HFN was injured, meanwhile 54% had the
thorax injured in combination.
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Fig. 8.6 The distribution of other injured body regions when the thorax was injured. Left:
NISST HO ≥ 9; Right: NISST HO ≥ 16.
Fig. 8.7 The distribution of other injured body regions when the HFN was injured
(NISSHFN ≥ 16).
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It has been suggested that injury can be defined as exposure to energy and consequently, more
energy should be correlated with a higher proportion of severe injuries [Institute of Medicine
& National Research Council (1985)]. Research had indicated that occupant loading during
generic lateral impacts resulted in a majority of serious injuries to the thorax and pelvis when
a door crush was between 25 and 35cm [Tencer et al. (2005b)]. The results shown in Figure
8.5 support this, especially in the cases where the intrusion was greater than 30cm, the risk
of injury was far greater than the other intrusion bins.
Vehicle-fixed-object collisions previously accounted for 37% of the serious to fatal
injuries in side collisions [Viano et al. (1990)], however a review of modern side airbag
equipped vehicles in lateral impacts demonstrated that fixed objects account for only 17% of
MAIS2+ injuries [Sunnevang et al. (2015)]. A report from NHTSA indicated that in terms of
annual occurrences, pole collisions account now for only 4% of all side collisions [NHTSA
(2015b)]. With the rapid uptake and efficacy estimations of ESC [Aga and Okada (2003);
Fildes et al. (2013); Wenzel (2012)], it was proposed technology has mitigated the likelihood
of a traditional (lateral) fixed-object collision from occurring, given its fundamental principle
to limit the vehicles lateral slip [Langwieder et al. (2003)]. Thus, accounting for the strong
reduction in the prevalence of pole collisions.
In the development phase of the pole test, Ray (1999) was able to plot the ∆vlat distribution
from field data to assist in determining an appropriate impact velocity. The ∆vlat values
were only available for 3% of all pole impacts that occurred. Ray noted that 90% of impacts
incurred a ∆vlat < 45kmh−1. The same approach was taken for the current NASS-CDS
data and the weighted distribution of ∆vlat was plotted in Figure E.1. It was shown that
again∼ 90% of impacts incurred a ∆vlat < 45kmh−1 for the collision data two-three decades
later. The large contingency of missing ∆vlat values (97% from the Ray study and 40% from
the current NASS-CDS data) indicate the complexity of pole collisions when it comes to
reconstruction127. As such, residual static intrusion is a more adequate metric to describe
collision severity than ∆vlat for the fixed-object collisions. One can however draw meaningful
conclusions at this stage. Those being:
• The absolute quantity of fixed-object collision reduced, and
• The severity of such events has not increased.
The pole test is structurally more challenging than any of the barrier tests (Federal Reg-
ister, 2008, p.40020). Its initial voluntary, and eventually full, inclusion into the consumer
127An aspect of a fixed-object collision often inhibits the calculation of ∆vlat in NASS-CDS [Sharma et al.
(2007)]
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testing programs did see a larger contingency of advanced head protection systems in the
field; however manufacturers were already equipping vehicles with curtain airbags as a
standard feature before the test was phased in. The curtain airbag deploys over a large
coverage area and many field studies have highlighted a strong protective benefit associated
with the hSAB [Griffin et al. (2012); Kahane (2007); Kaufman et al. (2017); McCartt and
Kyrychenko (2007)]. As illustrated in Figure 8.5-2), no head injuries were incurred when
intrusion was within the 15-30cm range and all other injuries were of maximum severity.
Similar in Figure E.2, raw point estimates did not differ between injury severities for those
exposed to the hSAB– as only few injuries were incurred, the resultant confidence intervals
were large. Such a result indicates that the airbag was effective in preventing injury by
removing the risk associated with the previous injury-causing mechanism - contact with the
fixed object through the window [Troxel et al. (1991)].
The weighted NISST HO≥ 4 injury risk was greater at 15-30cm intrusion for the occupants
exposed to the tSAB than those not. The raw point-estimate injury risks are shown in Figure
E.2-1), where at this same depth of intrusion the risk between exposure groups does not differ.
One cannot infer with a level of certainty if this results from using the collision weighting
factors or was actual evidence of heightened injury risk for the exposed occupant128. For the
same reason, one must interpret the pelvis as being at equal risk of injury.
Consumer testing protocols were upgraded and in the words of NHTSA, it will most likely
result in larger side airbags, both thoracic and head/curtain. The tSABs deploy within close
proximity of the occupant and lead to an increase of the amount of energy to be dissipated
during the impact. This may be the reason for elevated (weighted) NISST HO ≥ 4 injury risk,
but one cannot be sure. As indicated specifically in the thoracic region, the tSAB units did
not provide an explicit prevention in injury risk – unlike the trend evident for the hSAB
systems.
Given that no 10 < NISST HO < 16 injuries were incurred, it may be such that the
deployed tSAB was mitigating injury severity by shifting the injury to a lower severity. Such
a result would be parallel another retrospective study in which the authors concluded that
thoracic injury severity was reduced by the deployed airbags [Loftis et al. (2011)]. Yet, when
comparing the NISST HO ≥ 9,16 risks between airbag availability groups, estimates did not
substantially differ, so support of the hypothesis was only negligible.
It was not possible to meaningfully separate the sample of tSAB vehicles to account for
different geometric designs. The vehicles which first offered the tSAB had airbag units which
were generally smaller in size, whereas the current trend is to use larger bags which cover the
12810 raw cases with tSAB exposure are projected to 715 weighted events and 31 raw cases without tSAB
exposure are projected to 4050 weighted events (Table E.1)
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occupant’s chest and pelvis regions. These airbags of different volume may provide differing
levels of protection over the thorax as they reach peak pressure. Thus, it was not certain
whether the lack of concrete thoracic protection provided by the tSAB, which was evident
from the current research, was due to the prevailing number (greater or less) of airbags or
lack of their efficacy.
Complementing the increased vulnerability to injury associated with greater exposure to
energy, are the changing biomechanical tolerances associated with occupant age [Zhou et al.
(1996)]. Well echoed in the thesis was greater susceptibility of senior occupants to injury.
Although median age did not differ between the two groups, the influence of age on injury
could not be meticulously accounted for due to the small sample size.
NHTSA conceded that the current side NCAP ratings awarded to vehicles are almost
indistinguishable, thus making it difficult for the buying public to discriminate between
less safe vehicle designs and as a result will seek new methods to critique the vehicle
fleet [NHTSA (2015b)]. Simultaneously, estimates indicate that 371 lateral vehicle-to-pole
collisions occurred annually in which the front seat occupant received an injury of MAIS 2
or greater in the United States. Yet, the authors did not comment on the body region most
susceptible to injury. When considering the vast reduction in the frequency of fixed-object
collisions and the protection provided by hSAB to the HFN region - the region initially
identified as problematic during pioneering research, a lateral or oblique pole collision may
no longer be a representative example of a modern, real-world constellation that platform
validation should be evaluated against.
When the thorax sustained injury, over half of the occupants incurred concurrent HFN
injuries. Given that the results indicated the hSAB has a strong ability to prevent NISSHFN <
16 severity injuries, one may assume that the majority of these HFN injuries were sustained
by occupants without hSAB protection. The thoracic region was singularly injured in 30% of
the sample. Leading to the generalisation that if the thoracic injuries were to be prevented, a
true public health benefit would be achieved.
One of the major limitations was the sample size obtained from the NASS-CDS. In
some of the early work into lateral fixed-object collisions, sample sizes were also small,
however the authors proceeded with using the weighted values in attempt to eliminate the
bias towards the severe collisions [Ray (1999); Troxel et al. (1991)]. Additionally, weighted
data was used in a two-year review of NASS-CDS data appearing in the US Federal Register
(Federal Register, 2004b, p.27998). Nonetheless, the raw counts of data were also analysed.
Figure E.2 (Appendix E) must be interpreted parallel to Figure 8.5. The figure demonstrates
no clear cut evidence in support of a thoracic benefit provided by the tSAB. Additionally,
although lateral impacts with fixed-objects generally cause greater intrusion than similar
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severity vehicle-vehicle side impacts, the shear occurrence of these events has significantly
reduced. Such a result questions the validity of the lateral pole test as an example of a
relevant real-world collision. Hackney and Quarles (1982) stated that for NCAP, a strong
correlation with the real-world collisions was a requirement for any test. The analysis has
indicated that this correlation was not as present as it was in the previous decades. Yet,
NCAP procedures are not legal requirements. Legal requirements, such as the European
Directives or American FMVSS, exist to maintain a base level of safety. In that sense, the
pole test may be relevant, as it encouraged the fitment of head protection. Albeit, Europe
does not have a directive for the pole test and hopes that manufacturers voluntarily fit head
protection devices. These head protection systems have saved many lives, as supported by
the vast literature mentioned in chapter two. In that sense the pole test has relevance. Yet the
thesis aims to evaluate the thoracic protection provided by the side airbags. The results are
suggestive of no additional benefit and the test method has minimal correlation to field data.
In terms of thoracic protection, the pole test, whether a consumer test or legal requirement
does not exhibit real-world relevance.
Another limitation may originate from using intrusion at a fixed point as the measure
for collision severity. The intrusion during the pole test is localized at the dummy head
and attributes to the more punishing loading conditions in comparison to the barrier tests.
Therefore, the post-impact intrusion at the door was selected as the reference point. Yet, when
intrusion was offset from the reference point, impact forces are likely to load the occupant in
a different manner. The velocity of the intruding door when it contacts the occupant is likely
to differ when impact is offset from the reference point. The dynamic motion of the door
was not attainable from retrospective studies of this nature and thus residual static intrusion
must be considered as a proxy. Intrusion was favoured as a measure of impact severity given
the high number of missing ∆v values.
Proposed methodology to further evaluate the research question
The reoccurring issue of sample size was also evident in this chapter. Thus, the proposals
mentioned at the end of chapters six and seven 129 could be applied to the single-vehicle
collision domain. Of interest would be the dynamic motion of the intruding door, which can
be obtained from computer simulations. This remains an open topic of investigation, not
explored within the contents of this thesis.
129namely, coupling a sensitivity analysis regarding impacting characteristics or quantifying rigidity improve-
ments, though computational simulations
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Additionally, given the changes associated with the dummies used in Euro NCAP, it was
unclear if this has resulted in optimised restraint systems or improved vehicle structures. This
research question could be efficiently investigated with the use of computer simulations.
8.5 Chapter summary
The purpose of the chapter was to isolate vehicle-fixed object collisions and determine if a
level of protection could be attributed to the deploying tSAB. This chapter provides a unique
insight into the protection afforded to the airbag in the event of a single vehicle impact,
which thus far has not been exclusively investigated. It was shown, with a level of statistical
significance that
• The risk of injury increased with greater depths of residual intrusion.
The statistical analysis of single-vehicle collisions obtained from NASS-CDS indicated that:
• The deploying hSAB demonstrated strong efficacy, as no (HFN) injuries were incurred
other than those where fatal injury was recorded
• For static intrusion between 15-30cm, occupants exposed to the deployed airbag were
at a greater susceptibility to a (weighted) NISST HO ≥ 4 injury than those occupants
not exposed
• If the sole reason vehicle manufacturers equip their vehicles with tSABs is to pass pole
test regulations, then thoracic protection was not evident from the available field data
and the deploying airbag may induce a greater probability of injury.
and also evident was:
• In one third of cases involving NISST HO ≥ 9 injury, only the thorax was injured
• A lateral or oblique pole collision may no longer be a representative example of a
modern, real-world collision that platform validation should be evaluated against
– The test was motivated by a large proportion of occupants incurring serious/fatal
HFN injuries, which are being prevented by the hSAB airbag
– A number of manufacturers have voluntary agreed to minimise head injury risks
by using advanced hSAB designs
In relation to the Controlled Collision Environment the retrospective analysis of a series of
crash tests indicated that:
137
Thoracic Side Airbag Effectiveness in Lateral Fixed-Object Collisions
• Larger vehicles must endure more energy in the fixed-velocity impact than a small
light vehicle and this presents more localised, structurally challenging loading.
• With a larger dummy seated nearside during a pole impact the thorax was more
vulnerable to injury than a smaller dummy.
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Chapter 9
A missing link between the Controlled
Collision Environment and Field Data
9.1 Introduction
The focus of the research reported in chapter six was to investigate the link between the
Crash Dummy/HBM and Occupants in the event of a vehicle-vehicle lateral impact. It
was demonstrated that the deployment of tSAB provided thoracic protection to the dummy,
however similar results could not be obtained when projected to occupants in the real-
world. Such a result suggests that tSAB may have limited functionality. Consequently, the
content of the following chapter shifts focus to the other branches of the Controlled Collision
Environment-Field Data relationship. By varying pre-impact occupant posture, one would
be able to analyse the link between Validation Tests and Real World MVC, as indicated in
Figure 9.1.
Controlled
Collision
Environment
Crash
Dummy/
HBM
Validation
Test
Field
Data
Occupants Real-world
MVC
Fig. 9.1 The focus of Chapter 9 is to identify a domain which may not comply with the
Validation Test–Real-world MVC relationship and assess for tSAB functionality.
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Given the improved biofidelity of Human Body Models (HBM) in relation to traditional
Crash Dummies, one could rapidly investigate and predict injury risk from real-world crashes
[Golman et al. (2015, 2014)]. Within the Finite Element (Methods) (FEM) domain, one could
safely and efficiently recreate impacts with the ability to evaluate passive safety performance
and identify scope for improvement. Although one is still bound by the same limitations
of traditional FEM simulations, that is, any effect must not be attributable to a modelling
artefact, the HBM can be used to represent a wide range of occupant attributes (age, gender,
size, etc) and postures. In context of the presented research the robustness of the restraint
system’s functionality was evaluated to understand why the protective effect evident in the
experimental domain may not translate to the Real-World.
Namely the purpose was to assess for clarity between the manner in which vehicle
platforms are validated and the way collisions occur in the field. The aim was to:
• (virtually) assess the functionality and effectiveness of the tSAB when the nearside
occupant was positioned in an non-traditional driving orientation.
9.2 Unconventional Driving Configurations
Background
Fig. 9.2 The standard driving scenario
a HBM model is positioned in prior
to impact.
As first mentioned in chapter two, to mirror the mo-
tion and response between the dummy and occu-
pant, it was imperative that the anthropometry of
the dummy accurately reflects the user130 popula-
tion. In the Validation Test environment the dummy
pre-impact postures show little–to–no variation for
frontal and lateral impacts, where the dummy arm
is typically positioned to replicate hand-wheel place-
ment at 10-2 hour orientations. Figure 9.2 illustrates
a HBM in a standard driving pre-impact configura-
tion that replicates the positioning of a crash dummy.
Reviewing literature may identify where and why
no direct link may be traceable between the Closed Collision Environment and Field Data
from a collision perspective. A recent descriptive study of modern lateral collisions identified
that the most typical crash occurred either at an intersection or in a left turn where the striking
vehicle impacted the target vehicle at a 60 to 70°angle [Sunnevang et al. (2015)]. In a left
130Driver/occupant population
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turn manoeuvre, the occupants hands may not retain the traditional 10-2 hour orientations.
Adding support to this was the research which used a series of drivers placed in a driving
simulator who faced an imminent lateral impact [Matusiak et al. (2005)]. Although the bullet
vehicle struck from the far-side, half of the occupants reacted by moving the steering wheel
to avoid the collision. The maximum driver reaction saw the wheel rotate over 100°from
its original position. In the event of a nearside impact, it could be speculated that an alert
driver would react to a possible collision and try to avoid the collision by rotating the steering
wheel to avoid impact. In doing so, the outboard upper extremity including shoulder and
spine could displace away from the standard driving configuration.
This was important because of the shoulder; its position and ability to act as a load
distributing member. Kemper et al. (2008) conducted a series of lateral impacts with PMHS
to investigate the influence of arm position on thoracic response during fixed loading. Their
testing matrix is depicted in Figure 9.3, where the arm and loading orientation was varied.
The authors concluded that greatest thoracic response131 was observed when only the ribs
were impacted (Fig.9.3, second from left). Lowest response was incurred when the shoulder
was impacted (Fig.9.3, far left). This second finding supports the research which investigated
the shoulder’s ability to act as a load path during lateral impact [Marth (2002)]. For the Ribs
and Arm & Ribs impact, greater loading was observed when the arm was placed alongside
the thorax in comparison to 45°. As such, the stability and interaction of the shoulder seems
imperative to minimise thoracic loading – of which, for the dummy is, in the Validation Test
environment always held at a fixed location.
Fig. 9.3 Matrix of load cases used for the PMHS sensitivity analysis to compare thoracic
response with different impact locations Source: [Kemper et al. (2008)].
Kemper et al. (2008) also conducted destructive tests132 on the same PMHS subjects with
conflicting results. The subjects with arms parallel to the thorax suffered thoracic MAIS3+
injuries, however when the arm was placed at 45°thoracic MAIS4+ injury was sustained. The
authors reasoned that this was due to the inertial response of the outboard arm and shoulder
131In terms of peak rib deflection and peak rib strain
132Impact velocity was increased from 3-12ms−1
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not being large enough to dissipate considerable impact force before rib loading, whereas
when the arm was placed parallel to the thorax, the impactor force was transmitted to lateral
portions of the ribs.
In relation to the Controlled Collision Environment, the impact severity of the pole test
would likely be within the two severities used in the Kemper et al. study. In relation to
the vehicle-vehicle impacts figures 7.5 and 7.6 indicated that the dynamic velocity of the
door during dummy rebound has been reduced below 10ms−1. Therefore, one begins to
understand why it was important to note occupant posture prior to impact.
Introduction
The purpose of the research reported in this chapter was to extend upon the current research133
and implement a sensitivity analysis centred on occupant pre-impact posture. An oblique pole
test at 32kmh−1 was used as the load case. Although such an impact has minimal real-world
relevance, the rate of impacting loading is rigorous, highly localised at the occupant level
and is more structurally challenging than the barrier test (Federal Register, 2008, p.40020).
The section does not aim to quantify any model-based benefit associated with/without tSAB
deployment, only to investigate the importance of pre-impact posture and robustness of a
tSAB model. Research using numerical modelling has already demonstrated a model-based
benefit was apparent with tSAB deployment (for example, Hayashi et al. (2006); Tanaka
et al. (2013)). The section does however take a current vehicle model with state-of-the-art
passive safety technology and varies the pre-impact posture of the proxy occupant (the HBM).
The force response of the proxy occupant and inflation behaviour of the airbag can then be
investigated. The text that follows highlights relevant research in this domain and discusses
the various limitations.
Chapter 8 identified one of the elementary research pieces which used a HBM in the FEM
domain to demonstrate that tSAB was sufficiently able to reduce thoracic injury severity
in the pole impact [Hayashi et al. (2008)]. Localised at the thorax, shell strain was used to
predict the probability of rib fracture [Kemper et al. (2005, 2007)]. The HBM as a research
tool was later used to evaluate a possible restraint system design, where Toyota engineers
investigated and validated the benefit of a dual tSAB system in a pole impact Validation Test
[Tanaka et al. (2013)]. The authors investigated the load sharing capability of the shoulder
and thorax and presented a biomechanical-based argument to integrate a (secondary) shoulder
airbag into the vehicle fleet (in addition to the tSAB) to reduce injury likelihood. Yet, there
133Discussed in detail below
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was no sensitivity analysis investigating different seating orientations and the authors did not
mention any influence for the front-seated passenger.
Fig. 9.4 Sitting posture of the virtual
occupant used to investigate tSAB ef-
ficacy Source: Hallman et al. (2011).
Additional literature using a HBM as a research
tool, with varied pre-impact occupant orientations,
saw the model used to investigate loading response
during a vehicle-barrier lateral impact [Gierczycka
and Cronin (2017); Gierczycka et al. (2016)]. Arm
position at the beginning of impact, compliance of
seatbelt use and a tSAB were used in a sensitivity
analysis. In evaluating thoracic response, the au-
thors resisted from using model obtained stress and
strain values, in favour for those traditionally used
during PMHS testing (for example, Cmax [Kroell
et al. (1971, 1974); Viano et al. (1989b)] and Viscous
Criterion [Lau and Viano (1986, 1981); Viano et al. (1989a)]). Results indicated that the arm
position accounted for largest change in the thorax response compared to any other variation,
however the results were dependent on the injury metric and location of thorax response. The
authors used a 2001 Ford Taurus model whose residual lateral intrusion and dynamic motion
of the door has been optimised in the vehicle fleet. Additionally, the barrier impact engages
more of the vehicle structure and is less (structurally) challenging than the barrier test.
Finally, another piece used multibody dynamics to investigate tSAB efficacy with an
nontraditional (occupant) arm position [Hallman et al. (2011)]. The authors used a simplified
MADYMO model to investigate the relationship between thoracic injury risk and parameters
of door velocity and occupant distance. The model’s pre-impact posture was not compliant
to that used during vehicle Validation Tests. Instead the thorax was fully exposed to impact
by orienting the arms anteriorly and the loading surface did not fully engage the shoulder
complex (as shown in Figure 9.4). Yet the thorax was modelled as a rigid body proportional
to its mass, consisting of four discrete deformable structures. The analytical and research
capabilities of all MADYMO multi-body system models are much less computationally
expensive in comparison to FEM. However, given the modelling complexity of the thorax134
and the ongoing research, the nature of the problems to be solved (e.g. non-linear material
behaviour, large deformations in short time intervals) require specialised approaches (Schmitt
et al., 2007, Chp.2). In this domain FEM proves its modelling superiority and was coupled
with a HBM for a meticulous investigation of tSAB robustness.
134For example, the changes to geometry and material properties associated with age
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Airbag Cushioning Philosophy
Figure 2.3, demonstrated for the given load-case that the (PMHS’s) thoracic region ex-
perienced a load-cushioning effect as the tSAB deployed and deflated during the loading
cycle. Yet, as mentioned above, in the Controlled Collision Environment, the position of the
(dummy’s) shoulder is standardised and consequently may receive inundated attention from
the diligent design engineer. Consider the following:
During lateral impacts the shoulder and hip act as primary loading paths to distribute the
impacting energy, with secondary loading passing over the thorax. A simple truss element
can represent this relationship, as is depicted in Figure 9.5. Pin joints are placed at the
positions of primary loading, and a beam element connects the two (over the thorax). As
magnitudes of loading are applied, the beam element deflects and exposes the thorax to
increased loading. Thus, the tSABs were introduced as a countermeasure to limit thoracic
loading and crucial to their primary functionality is the ventilation of the airbag.
Fig. 9.5 Biomechanics principles of lateral loading. Primary loading is passed through the
rigid shoulder and hip joints and secondary loading is passed through the thorax. The far
right images show a deployed thoracic side airbag which covers the primary loading points.
When the door was impacted, it intrudes towards the occupant with a given velocity. As
the structure intrudes, the bag extremities (at the upper-shoulder and lower-pelvis) are the
first to deflate, as shown in Figure 9.6. This pushes the inflation gases towards the centre
of the bag, where inflation gases disperse through the ventilation hole. As such, the middle
of the bag – that covering the thorax – maintains inflation for a longer duration. In theory,
this creates the load dampening effect and reduces the magnitudes of force the thorax was
exposed to. The chapter will investigate tSAB robustness by implementing a Design of
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Experiments (DoE) sensitivity analysis. Additionally airbag performance was compared
between the traditional crash dummy and HBM.
Fig. 9.6 Theoretical thoracic side airbag deflation over the primary loading paths.
9.3 FEM Simulation
Methods
Load case
The pre-impact posture of an occupant prior to a lateral collision can only be speculated.
Figure 9.7 hypotheses a series of pre-impact seating orientations in which the occupant may
adopt. The matrix includes possibilities of driver and front-passenger postures with variations
to the upper extremities, torso and pelvis positions. Each element in the matrix represents
varying levels of occupant alertness in collision-averting, shock, sleep or inattention postures.
To investigate each possible scenario would be computationally expensive and inefficient.
Therefore, by implementing DoE techniques one was able to perform as few analyses as
possible without compromising accuracy, to obtain credible results. Rather than selecting
worst-case scenario orientations to investigate, orientations likely to capture variations in
the naturalistic driving behaviours similar to those exhibited in Matusiak et al. (2005) were
evaluated. In their work, the authors placed occupants in a driving simulator and recorded
their body movements during the imminent collision on video. These would yield the greatest
real-world relevance for the sensitivity analysis.
The varied pre-impact posture was achieved by altering upper extremity orientation in
attempt to capture a driver (Figures 9.2 and 9.6) and front passenger (9.7-middle right) seating
orientation, and appears in Figure 9.8. The passenger seating orientation was obtained by
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Fig. 9.7 Matrix of speculated pre-impact postures a front seated occupant may adapt in the
event of lateral impact. Shaded in grey is the standard driver orientation that replicated
dummy positioning. The speculated positions vary model upper extremity, thorax and pelvis
positions to replicate alertness, inattention, sleeping and shock.
shoulder rotator cuff extension, −30°in y-axis, relative to the driver configuration (SAE,
1980, Dummy Coordinate Systems).
The sensitivity analysis for a given load case was obtained from varied pre-impact
postures in a 32kmh−1 oblique pole side impact test using THUMS v4 HBM135 [Toyota
(2011)] (and a validated136 AM50WorldSID). The HBM (and dummy) was seated in a SUV
vehicle equipped with curtain and torso side airbags. The FE modelling was simulated by
Audi colleagues and all post-processing analyses described here were investigated by the
135Proprietary
136Ibid
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lead author. Table 9.1 summarises the outline of test conditions and FE models, respectively.
The FE analysis was simulated in PAM-Crash [ESI Group, Paris, France].
Table 9.1 Test conditions of the FE simulation. the model was used in a standard driver and
possible passenger configurations
Impact speed 32kmh−1
Impact angle 75°
Vehicle type SUV
Dummy THUMS v4, WorldSID AM50
tSAB module Prototype α
Curtain airbag mod Prototype β
Restraint sys. activ. ∼10ms
Fig. 9.8 Pre-impact seating orientation for the (THUMS) driver and passenger configurations.
The left and centre figure show the two models projected on top of one another, whilst the far
right shows the passenger’s arm position on the left side and driver’s on the right
Calculating the thoracic loading using HBM - rib loading
As rib fracture was the most common serious injury sustained in the field [Sunnevang et al.
(2015)], the analysis primarily focused on it. The resultant thoracic loading can be evaluated
using (FEM) model based measures or traditional techniques once associated with PMHS
tests.
Model-based stress and strain From a mechanics perspective, any structural failure137
should be related to strain or stress resultant from bending moments. Thus, model-based
stresses and strains are readily available from the simulation file and can be used to predict
the likelihood of fracture. Published literature has defined failure strains associated with
137Or specific to the thorax, rib fracture
147
A missing link between the Controlled Collision Environment and Field Data
rib fracture [Kemper et al. (2005, 2007); Kent et al. (2005a)] and have often been used as
biomechanical limits defining rib fracture. This has resulted in two methods of determining
rib fracture
• An element deletion technique has been developed to define rib fracture, whereby once
the ultimate strain is obtained in the model, the corresponding elements are deleted [Li
et al. (2010)], and
• A (rib fracture) probabilistic approach [Forman et al. (2012)]
One of the underlying assumptions of the probabilistic approach conveys that rib fracture
occur independent of one another. Research has demonstrated that a relatively small number
of rib fractures does not affect the overall stiffness of the ribcage [Duma et al. (2006);
Forman et al. (2012); Kemper et al. (2011); Kent et al. (2004)] nor the strain occurring in
the neighbouring ribs. In layman’s terms, this assumption states that in the event of a rib
fracture, the neighbouring ribs are not more vulnerable to fracture despite their increased
exposure to more loading. From a structural point of view, this assumption may be too
generous. The literature pertaining to assumed rib fracture-independency does not account
for the under-reporting of rib fractures in the Real-World. Research has shown the extent of
underreporting of mostly single rib fractures by comparing chest x-rays to autopsy results
[Crandall et al. (2000); Yoganandan et al. (1995); Yoganandan and Pintar (1998)]. In order
to correct for the missed rib fractures Yoganandan et al. (1994) proposed a correction factor
of 5.4. Therefore, this could likely affect the assumption of independent rib fracture and this
research diverts from using any element-based strain approach to predict the probability of
fracture. While the rib deletion approach was beyond the simulative capabilities of the HBM
at the time, another approach of rib fracture estimation was sought.
Traditional PMHS methods Efforts to quantify human response and injury tolerance
to lateral impact began in the laboratory over forty years ago using PMHS (for example
Cavanaugh et al. (1990a,b); Irwin et al. (1993); Kallieris et al. (1994, 1981); Stalnaker et al.
(1979); Tarriere et al. (1979); Viano et al. (1989a)). Surrogates are instrumented prior to
impact, subjected to loading and then undergo detailed autopsy to identify any injuries.
The data from the instruments are then processed and used to define human tolerance to
injury. These tolerances are then translated into the crash dummies and used to measure the
crashworthiness of a vehicle in the Controlled Collision Environment. Specifically for the
chest, a series of injury metrics have been proposed, not limited to the previously mentioned
VC, TTI and maximum chest compression (Cmax). Much of the initial research investigated
the impact tolerance and response of the human thorax during blunt frontal impacts. Kroell
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et al. analysed existing blunt (frontal) thoracic impact on PHMS and demonstrated that
Cmax138 correlated better with the severity of injury than the maximum applied force [Kroell
et al. (1971, 1974)]. The authors went on to indicate that Cmax >20% produced rib fractures
and that Cmax >40% produced flail chests [Nahum et al. (1975)]. At the same period, another
research piece suggested that rib fractures are primarily dependent on the extent of chest
deflection [Melvin et al. (1975)]. Tarriere et al. (1979) also presented a research piece at the
ESV conference, where they analysed force deflection data of the struck side (full and half)
thorax in a series of cadaver lateral drop tests. It was concluded that full thorax deflection
appears to be a reliable injury level indicator whereas the findings are more scattered than for
half-thorax deflection. This leads the reader to interpret that text as the absolute indentation
of the chest may also be important. In terms of blunt (lateral) impacts, thoracic deflection
has also been used to describe the severity of the impact with noted rib fractures [Cavanaugh
et al. (1990b, 1993); Sacreste et al. (1982); Tao et al. (1992)].
Fig. 9.9 Approximate location of
chestbands on the PMHS. Source:
[Pintar et al. (1997)]
With the development of new instruments for
measuring impact loading during the 1980-90s, one
could with greater certainty, understand PMHS re-
sponse during loading and consequently human tol-
erance to injury. One such example was the use of
external peripheral instruments to measure chest de-
formation (or chestbands) [Eppinger (1989); Pintar
et al. (1997, 1996)]. Thin metal bands capable of
measuring deflection were generally placed around
the thorax at given levels/heights (as indicated in
Figure 9.9) and deflection results were later used
in the development of dummies. The conclusions
arrived at by Tarriere et al. (1979), were not imple-
mented in the succeeding study pertaining to appro-
priate dummy-based injury metrics due to technical
limitations [Kuppa et al. (2000)]. The dummies had
already been developed and required an injury metric
to associate with injury risk. Instead half-thorax deflection was measured rather than of full.
This may have contributed as to only the half-thorax injury risk curves being published in
Kuppa et al. (2003).
138Defined as the chest deflection (change in anterior-posterior chest depth) divided by the original chest
depth
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Two of the injury metrics still used in modern Validation Tests are VC and Cmax.
Maximum compression of the chest is considered the more relevant and the determining
predictor of rib fracture (in PMHS) [Cavanaugh et al. (1990b); Chung et al. (1999); Pintar
et al. (1997); Viano et al. (1989b)]. VC, a rate-sensitive measure, is generally associated
with visceral injury (for example lung contusion, liver laceration or spleen rupture) [Lau and
Viano (1986, 1981); Viano et al. (1989a)]. As rib fractures are the most frequent Real-World
injury, the investigation into thoracic loading uses Cmax to compare the risk of thoracic
injury139. The previous chapters demonstrated that the deploying tSAB provides protection
for the dummy but similar conclusions cannot be obtained for occupants in the real-world.
Therefore, the analysis will use full thorax deflection (Cmax) as an injury metric, not the
half-thorax deflection, favoured during the dummy development. One of the benefits of using
a HBM was that direct deflection can be measured at each rib, emphasizing the advantages
of using FEM.
More current PMHS studies have evaluated full body response during pure lateral or
oblique sled impact tests [Lessley et al. (2010); Yoganandan et al. (2012)]. Using present-day
data recording techniques specifically at the thorax, was the maximum rib deflection and
resultant deflection contours obtained. Response was dependent on individual variability and
a series of external factors, however the general rib-deflection response to pure lateral and
oblique loading in shown in Figure 9.10. The images depicts contour response at maximum
deflection, and thus one can easily derive Cmax from two given points.
Fig. 9.10 Typical chest deflection contours from lateral (l) and oblique loading (r) in sled
tests. Source:[Lessley et al. (2010); Yoganandan et al. (2012)]
Full rib cage deflection from the HBM Nodal displacement at the most lateral position
of each rib (left and right) was recorded for ribs 4-10. Figure 9.11 shows the position where
nodal displacement was measured for each rib. Ribs 1 and 2 are afforded protection by the
clavicle [International Advanced Course on Injury Biomechanics, Thorax and Abdominal
lecture notes (s.10), J. Foreman, Munich, 2015]. Rib 3 was not considered due to a limita-
tion associated with the model’s shoulder, in that the load distribution over rib 3 was not
139Namely, rib fractures
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creditable140. This was assumed not to impede any significant bias as previous modelling
research has indicated that greatest biomechanical response during lateral sled tests impact
was observed at rib 8, which corresponds to the center of the airbag module [Hallman et al.
(2011)]. Ribs 11 and 12 were not investigated as these are floating ribs141 respectively. The
chest compression was calculated by determining the Euclidean distance from each outermost
node of ribs 4-10, using:
Fig. 9.11 Location of nodal displacement for rib deflection for ribs 4-10.
d =
√
(x1− x2)2+(y1− y2)2+(z1− z2)2
where 1 and 2 are positions of the left and right ribs. This could be obtained for each
timestep of the model and when dividing by the initial distance between the two points, one
would obtain the amount of full rib deflection. Deflection could then be compared between
driver and passenger orientated models.
Load general biomechanical response
It was also important to evaluate the whole biomechanical response of the HBM during
loading. PMHS testing demonstrated that the arm may provide limited protection when placed
parallel to the thorax [Cesari et al. (1981)]. Thus the resultant impact loading distributed over
the outboard thorax, shoulder and pelvis are also analysed. Thorax loading was defined as
loading dispersed over the outboard ribs (4-10). For the shoulder, a cut was made adjacent to
the humerus head to define impact loading142. The pelvis loading was that incurred where
the head of the femur meets the pelvis - acetabulum. Figure 9.12 illustrates these position on
the HBM.
140Proprietary
141They are only attached to the vertebrae and not directly connected∗ to the sternum or the sternal cartilage.
Note:∗ There are ligaments which hold the ribs in place.
142Contact loading through the glenoid socket was obtainable
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Fig. 9.12 Biomechanical point of interests on the HBM. From left to right: the outboard
ribs where deflection and impact loading was measured (4-10), and the section forcesv in
shoulder and the acetabulum (pelvis).
Airbag in/deflation behaviour
Also important to the analysis was the need to compare inflation behaviour of the tSAB
unit for the different seating configurations. The performance of side airbags in the field
is dependent on factors including the design, impact velocity, tank test results, and vehicle
design [Hallman et al. (2009c)]. In the FEM domain, algorithms have been developed to
account for the mass, momentum and energy conservation laws. Algorithms were initially
developed assuming a Control Volume (or lumped-parameter) approach and validated by
numerical simulation of tank tests [Wang et al. (2015)]. These models assumed uniform
pressure and temperature throughout the airbag volume, and have been further developed to
account for the greater contribution of gas dynamics in the early stages of airbag inflation
[Roychoudhury et al. (2000)]. Control Volume approaches were not suitable for OOP test and
led to the development of other methods, such as the Arbitrary Lagrangian-Eulerian (ALE)
method as they showed good repeatability of experiments [Haufe et al. (2004)]. Therefore,
one must compare the airbag in-deflation behaviour exhibited in the sensitivity analysis
relative to that exhibited with a standard crash dummy.
Results
Full rib deflection from the HBM
Resultant rib deflection for the driver and passenger models appears in Figure 9.13. Peak
deflection occurred at about 50ms and maximum deflection was obtained by rib 10 in both
models. In both models rib 4 underwent the least amount of deflection.
The rib deflection behaviour of the passenger model exhibited different characteristics to
the driver model. Deflection curves for ribs 5 and 10 are plotted next to each other in Figure
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Fig. 9.13 HBM (full) chest compression for ribs 4-10 during loading from the pole impact.
On the left is the response associated with the driver configuration and on the right is that for
the passenger configuration.
9.14. An initial sub-peak in deflection was seen at 30ms for ribs 5 and 6. Specifically at rib 5,
greater (peak) deflection was incurred in the passenger model.
With regards to rib 10, the opposite relationship was seen, in which the passenger’s rib
experienced less deflection than the driver. Again the shoulder was able to rotate medially,
absorbing some of the impacting energy but rib 10 was directly exposed to the intruding
surface. For the passenger configuration, the arm was able to better distribute loading over
the lower ribs.
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Fig. 9.14 Differnce in compression response for ribs 5 & 10.
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The rib deflection curves for ribs 5 and 10 are plotted next to each other in Figure 9.14.
The results indicate that the distribution of impact loading was dependent on initial upper
extremity position. For the driver configuration, rib 10 experiences greater deflection than
the passenger, whereas the opposite relationship was seen for rib 5.
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Fig. 9.15 Differnce in rib loading over time between the models. Driver response minus
passenger response. Thus, a negative response represents more loading in the passenger’s rib.
To further investigate the difference in loading distribution over the driver’s and passen-
ger’s ribs Figure 9.15 was consulted. The difference in total impacting force experienced by
each rib was plotted over time (impacting force of driver’s ribs minus passenger’s). Thoracic
loading over the ribs was applied from ∼25ms onwards. For the time difference between
∼25-75ms, the difference in impacting force does not differ more than 50N, except in ribs 5
and 6. Figure 9.13 indicated that maximum thoracic compression occurred at ∼50ms, yet
specifically for rib 5 a greater distribution of impacting force was applied to the passenger’s
rib prior (peak difference at ∼40ms in Figure 9.15). At the point of maximum chest compres-
sion both ribs 5 and 6 in the passenger’s model are required to distribute more impacting load
than the driver’s model. Consequently, this may increase the susceptibility to rib fracture.
The following section aims to identify why this difference in loading distribution occurs.
Airbag in/deflation behaviour
The change in airbag volume over time for the deploying unit was shown in Figure 9.16.
The deployment was plotted for the driver and passenger THUMS seating configurations,
as well as for the WorldSID. The airbag model associated with the passenger configuration
demonstrated a better correlation to the dummy model than the driver model. The previous
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results suggested that the driver configuration loaded more of the lower thoracic region,
which may be more ideal in preventing rib fractures, especially in the non-senior population,
however the airbag model does not match that seen with the dummy. To understand what
was causing the difference in models, the airbag inflation and it’s interaction with the proxy-
occupant was shown at 25ms (Figure 9.17).
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tSAB inflation and deflation
Fig. 9.16 Inflation of the tSAB models over time for the WorldSID, driver- and passenger
configuration models.
The far right image is that of the WorldSID during impact where arm was not of full
length. The airbag deploys below the arm and appears to sufficiently bridge the gap between
torso and door. The bag ventilation hole was not obstructed and the bag can deflate in the
manner it was developed. Move across to the left image with the THUMS in the driving
scenario, where the tSAB was able to sufficiently deploy under the arm. However at 25ms,
the ventilation hole was not visible, and bag ventilation may be inhibited by the outboard
arm.
Fig. 9.17 Inflation of the tSAB and interaction with the proxy occupant at 25ms. From
left-right: HBM with driver configuration, HBM with passenger configuration, WorldSID in
standard seating configuration.
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Load general biomechanical response
Figure 9.18 describes the impact loading incurred at the outboard shoulder, ribs and pelvis.
Clearly evident was the fact that the outboard ribs of the passenger configuration are required
to distribute a greater magnitude of the impact load than the driver. For the passenger config-
uration rib loading occurs prior to maximum deflection, however for the driver configuration
this effect was seen after maximum deflection. This was likely correlated to when the upper
arm has fully rotated and ribs are directly impacted. The tSAB has deflated more than 50%
(Figure 9.16), but may be confounded by the exaggerated inflation. Although Figures 25-26
in the Kemper study (destructive test) indicate that the time at which peak force was obtained
occurs much later for a driver-like configuration. This may also influence the time shift seen
in Figure 9.18 to some extent.
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Fig. 9.18 Body region specific response of the HBM in the two seating configurations. The
driver’s pelvis, rib and shoulder response to impact loading is shown on the left, and the
passenger on the right.
Discussion
Full rib deflection from the HBM
The seatbelt pretensioner triggered at∼10ms, where a region of noise can been seen in Figure
9.13 (driver and passenger). As compression only varied ±1%, activating the pretensioner
does not have a significant influence on overall rib deflection. Given such a small response,
the pretensioner may initially constrain the occupant into an upright position, but more than
likely, it appears as if it would remove any pockets of air between the occupants clothing and
safety belt [Mitzkus and Eyrainer (1984); Pipkorn and Wass (2017)].
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Fig. 9.19 Pre-impacted skeletal structure is shown on the left, with the vertebrae of interest
highlighted in red. Spine kinematics (T1, T6, T11, L3, and pelvis) for the driver (left) and
passenger (right) configurations at ∼60ms. Impact in from the left.
A series of publications in 1989 indicated that 50% risk of AIS 3+ and 4+ thoracic injury
was associated with 33% and 40% chest deflection, respectively [Viano (1989); Viano et al.
(1989b,c)]. To emphasize the value of this research, the data obtained from the experiments
were used many years later in the development of dummy-based thoracic injury metrics
[Kuppa (2004)]. Yet, in the original research pieces, injury risk curves were only presented
with confidence intervals for AIS 4+ thoracic injury and their width does not allow for a
precise interpretation. With respect to the Viano curves143 the risk of thoracic injury in our
HBM would be so small or almost non-existent. However, the content of this thesis has
stressed the importance of confidence intervals in any analysis and a direct comparison here
should be interpreted with caution. Other previous side impact studies also determined chest
deflection by a strain gage chestband placed around the entire thorax [Cavanaugh et al. (1993);
Irwin et al. (1993); Pintar et al. (1997)], however Kemper et al. (2008) mentioned that such
a method results in deflection measurements which include external clothing, skeletal and
soft tissue compression. Instead the study used hollow thoracic rods attached to the interior
portion of ribs to measure rib deflection. As our deflection was measured directly at the ribs
in the HBM, the Kemper study provided a better basis for comparison. From their destructive
tests the authors predicted at rib five that AIS=1 injuries occurred at scaled rib deflections of
4.2mm to 8.6mm (2-3% compression), AIS=2 at 9.6 to 17.4mm (4-7% compression), and
AIS=3 at 13.1 to 20.1mm (5-9% compression)144. While the HBM loading was likely to be
143Not considering the confidence intervals
144Yet stressed this limits cannot be considered exact
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of lower magnitude than the destructive test used by Kemper, both the driver and passenger
occupants would have likely incurred AIS3 injury at rib 5.
Kemper indicated that rib fracture occurred prior to peak chest compression. The thorax
becomes structurally compromised as more ribs are fractured which, in turn, requires the
other ribs to distribute impact loading. Assuming that rib 5 was fractured prior to peak
compression, one may speculate that other ribs would have likely fractured as well.
Figure 2.7 illustrated that the tSAB must be fully inflated at ∼10ms, however greater rib
5 deflection was seen at ∼30ms. The inflating airbag does not influence rib deflection and
indicates that the distribution of impact loading was dependent on initial upper extremity
position. In the non-destructive tests of Kemper, peak deflection of rib 5 was found to be
larger when the arm was placed parallel with the thorax versus when the arm was placed
at 45°and a similar relationship was evident in the current study. For rib 5 in the driver
configuration, the shoulder was able to rotate medially, absorbing some of the impacting
energy before loading rib 5. Yet, in the passenger configuration the impacting force was
directly transmitted to rib 5. The deflection in the Kemper destructive tests was likely
confounded by the number of rib fractures and thus no comparison with the deflection results
was made.
Given the difference in rib 10 deflection and degree of shoulder rotation in the two models,
the results suggests in the typical driver configuration, a greater portion of impact loading
was distributed over the lower thorax. For the passenger, the opposite may occur, where
the upper thoracic region must distribute more impact loading. With reference to Figure
9.11, a greater proportion of (blue) costal cartlidge was available for the lower ribs. Costal
cartilage serves a structural function in the body, acting as the flexible interface between the
stiffer bones of the ribs and the sternum [Lau et al. (2008)]. Yet the cartlidge has been found
to calcify with age [Teale et al. (1989)] and this contributes to increased cartilage segment
stiffness [Lau et al. (2015)] and may become more vulnerable to fracture. Nonetheless, for a
young occupant, it may be preferred to pass more impact loading lower in the thorax, where
the flexibility of the costal cartlidge and greater bone elasticity can dissipate the loading.
Airbag in/deflation behaviour
In situations where the upper arm covered the deflation hole, a greater bag volume would
be obtained and it would deflate with a slower rate. This was indicated in Figure 9.16
and 9.17. In relation to the ribs, this may be overcompensating any load distribution over
the thorax and exaggerate any cushioning effect. In such an event, the occupant would be
vulnerable to upper extremity injury145 from the hot exhaust inflation gases. In the passenger
145MAIS2 injury [AAAM (1998)]
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configuration (centre), one can see no obstruction of the ventilation hole, however the tSAB
was not able to deploy under the arm. Although the volume it obtains models complementary
characteristics to the WorldSID model, the bag must deploy around the arm and will form
a different geometric volume. As the arm remains parallel to the thorax, it acts as a load
transferring member [Kemper et al. (2008)], and exposes the thorax to greater magnitudes
of the impacting load. Thus, it becomes evident why the passenger’s ribs 5 and 6 yielded
greater deflection than the driver.
Load general biomechanical response
The passenger’s ribs were exposed to greater impact loading. This was in support of Kemper
et al (2008) in which the authors demonstrated that higher rib forces were observed when the
arm was placed parallel with the thorax versus 45 °. Kemper mentioned that two peaks in the
rib impactor force response was evident in the non-destructive tests. Figure 9.18 does not
indicate such a relationship. This may result from geometric incompatibilities between the
impactor used by Kemper and the profile of the intruding door.
Figure 2.3, demonstrated the dampening effect of the tSAB in which the impacting force
to the thorax was applied over a longer duration and reduced the peak force in comparison
to loading without a tSAB. Figure 9.18 shows that for both seating configurations, thoracic
loading was applied over 75ms. Yet the Kim et al (2016) study indicated the loading with the
tSAB was extended over 100ms, whereas without the tSAB loading was applied until 60ms.
No direct comparison can be made between the two studies as pole impact loading may not
be representative by PMHS sled tests146, and more importantly the tSAB used by Kim and
colleagues was three times larger in volume than the airbag used in the vehicle model. One
can only conclude that any effects shown by Kim et al, may be exaggerated by the inflated
airbag volume. Under the pole impact loading, the ribs were loaded over a shorter duration
and exhibited more similar characteristics to the PMHS response without tSAB inflation
[Kim et al. (2016)].
Given the greater load distribution over the passenger’s thorax, the likely cause was the
additional loading of the upper ribs. As the outboard arm was placed parallel to the thorax,
it had a limited space to accelerate and translate before loading. The driver’s arm was able
to generate a larger inertial response as it has more space to translate and rotate about the
shoulder, but the intruding behaviour of the door does not push the arm towards the thorax.
Impacting loading through the shoulder, in terms of absolute magnitude did not substan-
tially differ between the two configurations, however its distribution over time saw a second
146In sled tests surrogates are projected against a flat surface, which may not be represented in the localised
pole impact
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peak arise at ∼60ms for the Driver configuration. To understand this, Figure 9.19 plots the
initial position of outboard scapular, pelvis and T1 (first thoracic spine vertebrae), T6, T11
and L3 (third lumbar spine vertebrae) vertebrae (in blue), and position at peak loading (in
grey). One notices that the scapula for the driver’s configuration (Figure 9.19middle) has
been rotated much more superiorly147 than the passenger’s (Figure 9.19right). Curvature of
the spine was also evident during loading and was consistent with literature [Donlon et al.
(2015); Gierczycka and Cronin (2017); Shaw et al. (2014)].
The passenger’s pelvis was also exposed to a greater magnitude of impact loading than
the driver’s. As shown in Figure 9.5 and 9.6, the current standard of tSAB deploys over
the occupant’s pelvis. At 50ms, Figure 9.16 indicates that the (potentially exaggerated
inflation148) driver tSAB model was 27% larger in volume than the passenger’s. Thus, this
may contribute to the difference in pelvis loading through the acetabulum. Additionally,
the superior rotation of the scapula and the second sub-peak in load at ∼60ms incurred in
the driver model may dissipate more impact energy, that must be consequently distributed
through the acetabulum in the passenger model. Given the outline of the door interior, the
survival space between it and the pelvis was much less than that with the shoulder, therefore
this dissipated energy from the driver model can easily be loaded through the pelvis in the
passenger model.
9.4 Chapter summary
The purpose of the chapter was to analyse the robustness of the tSAB in various pre-impact
postures and compare how the distribution of impact loading consequently varied for a given
load case. Given the precise nature of the load case simulated, it was evident that a multiple
of factors contribute to airbag performance and resultant loading. Most noticeable was:
• For the model in the driver configuration
– The peak resulting pressure of the tSAB was greater than that when a WorldSID
dummy was positioned in the vehicle. This was namely due to the upper extremity
of the HBM covering the ventilation hole, which in turn did not allow for the
immediate tSAB deflation. The WorldSID does not have a full-length arm, and
its upper extremity did not cover the ventilation hole.
* The exaggerated inflation in the HBM model may have led to an increased
cushioning effect over given body regions. As the tSAB with the HBM
147upwards
148In regards to the WorldSID’s airbag model
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reached a greater maximum pressure and deflated at a slower rate than that
associated with the WorldSID .
* In the event of upper extremity blocking the ventilation hole, any occupant
would be at a substantially greater risk of incurring a burn injury.
• For the model in the passenger configuration
– The inflation modelling of the tSAB was similar to that when a WorldSID dummy
was positioned in the vehicle, however the airbag had to deploy around the arm
placed parallel to the thorax.
* The arm was shown to act as a load path and transmit the impact energy onto
the thorax.
* The outboard ribs were exposed to a greater magnitude of impacting load
than in the driver orientation. Any increased load was likely to lead to greater
susceptibility of rib fracture.
• If the tSAB was designed for a highly localised load case, such as the dummy in the
pole test, than small changes to the occupant posture, can result in substantial changes
to in/deflation behaviour of the tSAB and differences in impacting load distribution.
– As no occupant retains the exact pre-impact posture as the dummy, these varia-
tions likely contribute to the fact that any dummy-based injury reduction was not
projected to real-world collisions
– The tSAB will continue to show no real-world relevance despite any changes
in bag geometry, as the link between the Validation Test and Real-World MVC
cannot be replicated by a small number of load cases.
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Chapter 10
Improved Vehicle Crashworthiness
10.1 Introduction
It is in the public interest that vehicle collision research be carried out in such a way that
is oriented to actual collision events [Volkswagen (1986)]. While it was demonstrated that
the deploying tSAB yields a benefit for the crash dummy’s thorax, no association could be
inferred for the occupant’s thorax. Put simply, the unit has not been shown to demonstrate any
unequivocal benefit in preventing thoracic injury in real world MVC. In some circumstances,
the occupants exposed to the deployed units were at greater risk of thoracic injury than those
unexposed 149. As a control program, no evidence of success was found. From the point of
view of future development, it is in no way sufficient to study barrier/pole impact tests in
isolation. The statistical variance obtained from Real-World MVC with different types of
vehicles, different speeds and different impact directions showed no efficacy associated with
the tSAB.
Toyota developed a new Three Chamber Side Airbag (tSAB) system for integration into
the outboard seat in mid 2017150. The press statement mentioned that the internal pressure
of the three sections is optimized for each vehicle model and yields better protection than
a two chamber type system. Upon inflation, the upper (shoulder) and lower (hip/pelvis)
regions inflate initially with a lower pressure administrating the thorax. There was however,
no scientific literature which quantifies the claimed benefit over the two chamber system.
While any proprietary validation was likely assessed against given load cases using crash
dummies or HBM, one cannot assert that any benefit would be transparent in a real occupant.
The Three Chamber Side Airbag system increases manufacturing costs. It adopts similar
principles to all other systems analysed in this thesis. That is, the deployment, adjacent to
149Figure 5.6 (Senior at (35,45]∆vlatkmh−1), Figure 8.5 (NISST HO ≥ 4 at (15-30]cm intrusion)
150http://www.toyoda-gosei.com/news/detail/?id=156 viewed: August, 2017
163
Improved Vehicle Crashworthiness
the intruding door, increases the energy required to be dissipated during the impact. As
market penetration of the new system will take time, one needs to accurately monitor the
performance of the tSAB. Upon recognition of this thesis’ content, one would not expect a
categorical benefit to be associated with the new design.
Chapter six demonstrated that a benefit was clearly apparent for the crash dummies, but
not for the occupant. This highlights a series of limitations the industry must confront. The
experiments and literature which demonstrate a statistically significant benefit associated with
the tSAB in the Controlled Collision Environment does not translate to a relevant real-world
benefit. This was attributable to many factors, which are further influenced by a series of
additional confounders. One likely contributor emanates from the biofidelic differences
between the thorax in the crash dummies and the occupant. Dummies have improved and are
becoming more human-like in response to impact. Yet, they have yet to fully capture the com-
plexities of the thoracic region and the vast differences in biomechanical tolerances associated
with occupant age. As a result of these disparities, it would be challenging to design a system
to yield a benefit for the real-world occupant. Testing agencies and vehicle design engineers
have focused on keeping the dummy-based injury metrics below reference value in the given
load cases. As a potential result, passive safety systems have likely been optimized for given
load cases and do not show any robustness in the Real-World. This was shown in Chapter
nine, where slight variations in pre-impact position can vastly differ the biomechanic response
of the model. By simply integrating a HBM instead of traditional crash dummies, airbag
Fig. 10.1 A Danger
warning sign upon ap-
proaching an intersec-
tion in Goslar, Germany
behaviour and load distribution can differ. The side impact domain
is a complex one,and there are a series of reasons why no definite
link exists between the Controlled Collision Environment-Field
Data relationship. For this reason, the current manner in which
our vehicles are validated will not suffice for tSAB development
with real-world relevance.
10.2 Recommendations for improved ve-
hicle crashworthiness
Returning to one of the principle aims of the research, it was stated
that factors would be identified which will contribute to developing
a future where no occupant incurs a traffic-related injury. Lateral
impact constellations will continue to present problems for vehicle
designers, urban planners and policy makers given the predicted inability of advanced driver
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assistance systems to substantially reduce the occurrence of intersection collisions [Strandroth
et al. (2016)]. Implementing Danger warning signs, like the one shown in Figure 10.1 with
reduced speed limits is one method of government policy which would likely reduce the
occurrence of severe intersection collisions, however a more holistic approach from all parties
is required.
From the perspective of vehicle design
In the event of the lateral collision, the greatest scope for achieving improved crashworthiness
lies solely within limiting the dynamic motion of the intruding structure. Similarly any
manner which maximises the survival space between the occupant and the nearside door will
be beneficial. By matching/optimising the structures of impacting vehicle(s) the greatest
possible degree of self- and partner-protection is obtained.
Prior to the introduction of the tSAB into the vehicle fleet, a number of studies conducted
by Volkswagen and partners from the automobile industry, universities and insurance industry
demonstrated that vehicle safety can be improved at no additional cost if the structures of
vehicles are matched one to another [Volkswagen (1986)]. As indicated in Figure 3.6c)
and Tables 5.2-5.4, reducing the extent of lateral intrusion results in lower risk of thoracic
injury. This was supported by a potential correlation with dummy size and thoracic injury
risk as mentioned in Section 8.2. Increasing the survival space by designing wider vehicles
would reduce the amount of intrusion into the side of the vehicle. However, the price for
this strategy would be inconvenient for the manufacturer and consumer. It would result in
having to design new vehicle platforms, with new production lines and tools, increasing
manufacturing costs. If implemented, the wider vehicles would also face clearance problems
on narrow roadways.
Fig. 10.2 Central seating positions of the
driver in a Ferrari 365 P Berlinetta Spe-
ciale
Rather than resorting to designing wider ve-
hicles to increase survival space, it would be
more efficient to redesign the layout in which oc-
cupant interact in the compartment. The process
is not a complete compartment redesign, rather
an integration of a concept offered in the 1966
Ferrari 365 P Berlinetta Speciale151 - Figure
10.2 . Research indicates that the concept of a
central positioned driver traces back to the safety
project presented by Cornell Aeronautical Labo-
151Original photo from Nick D appearing on 16.04.2016 on the supercars.net forum -
https://www.supercars.net/blog/1966-ferrari-365-p-berlinetta-speciale/
165
Improved Vehicle Crashworthiness
ratory a decade earlier [Soule (1956)]. Although
introduced 50 years ago, the concept yields rele-
vance to the current day when considering average vehicle occupancy rates. Whilst difficult
to estimate, values have ranged from ∼1.3-1.5 in Germany [ (Destatis); infas (2010)]152 and
∼1.4 in Australia [Stanley et al. (2009)]. When considering morning peak hours or business
commutes, rates in both countries drop to ∼1.1 [infas (2010); VicRoads (2007)]. Therefore,
it would be viable to place the driver in the centre of the compartment - maximising survival
space by removing the traditional front-seated occupant.
Passenger seating is offered offset/or behind the driver. Single, central seating positions
with passenger seats positioned slightly behind and offset to the side have also been used in
other sports cars, such as the McLaren F1. Gordon Murray, designer of the F1, said that the
reasons for the central seating position were due to optimal pedal positioning as well as to
evoke feelings of specialness for the consumer153. Any implementation of central seating
design would likely associate customers with similar feelings of exclusiveness only offered
in a sports car.
It was indicated in Figure 6.2 that the industry has actively improved the residual lateral
stiffness and Section 7.1.4 demonstrated that the velocity at which the door intrudes during a
barrier impact has also reduced. However, one cannot be sure if this reduction in dynamic
intrusion would be able to account for the increased frontal stiffness of the fleet. Nonetheless,
if the Vision Zero initiative is to be realized than more radical concepts to the vehicle structure
are required, primarily focused on limiting lateral intrusion. Vehicle- and Original Equipment
Manufacturers (OEMs) have proposed various concepts including:
• Pop up vehicle
• Active armrests
• Structural component optimization
• External vehicle bumper bag
and quantified benefits from a structural- and dummy-based perspective.
The concepts are discussed in the following paragraphs. Any of which, despite increased
cost of manufacturing and vehicle weight, could contribute to improved vehicle crashworthi-
ness, and consequently a future where no fatalities or seriously injured occupants result from
road traffic collisions.
152The Destatis value of 1.3 was obtained by the total sum of MVC involving personal- or material-damage
(n=320,056) divided by the sum of occupants involved in these MVC (n=407,299) in 2016.
153McLaren F1: 25 years on - https://www.youtube.com/watch?v=OgIQmKfhHrE
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Pop up vehicle
Fig. 10.3 The concept of a pop
up vehicle. Source: Meinecke
et al. (2006)
The pop-up vehicle was proposed as a safety concept by en-
gineers at Volkswagen [Von Jan et al. (2005)]. The concept
produces better structural compatibility in a front-side vehi-
cle impact. During vehicle crash-compatibility research, it
was demonstrated that a structural limitation originates from
inadequate structural overlap between the bullet vehicle’s
front end and the striking vehicle’s sill (Summers et al., 1999,
as per Fig.10.4 below)154. Therefore, the idea of elevating
the (struck) vehicle prior to impact would ensure better in-
teraction between the loading members. Using a series of
radars a critical side crash situation was identified prior to
the collision. This would then trigger the activation of air springs and raise the vehicle by
100mm in the standard Phaeton, as indicated in Figure 10.3.
Fig. 10.4 Front profile mea-
surements with key structural
members for bullet vehicles
(blue) with the outlines of
the target vehicle’s sill (yel-
low). Source: (Summers et al.,
1999, Fig.1)
Crash tests were conducted and results indicated that
more of the collision energy was dissipated into the floor,
sill and less into the passenger door. Door intrusion was
reduced by 24% which was associated with similar decreases
in dummy-based injury risks (Meinecke et al., 2006, Fig.10).
The elevated height does need to be constrained at 100mm
but a better reduction in intrusion could be obtained with
greater elevation.
Since 2018, Audi has introduced a variation of this sys-
tem into their flagship A8 fleet. The Pre-Sense Side fea-
ture uses radar sensors used by the intersection assistant to
calculate the probability of an accident involving traffic ap-
proaching from the side. In the event of a probable collision
the suspension actuators raise the body’s suspension on the
struck side by up to 80 millimeters within half a second. The feature works for impacting
velocities less than 60kmh−1. It would be expected that any nearside struck occupant be at a
greater riskof injury had the vehicle not been popped up.
154A passenger car bumper height requirements of 410–510mm (16 to 20 inches) was established for the US
market [Barbat (2005); O’Reilly (2005)], or noted in 49 CFR Part 581 - Bumper Standard
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Structural component optimization
Other research looked at design optimization of the vehicle sill and B-Pillar as alternative
options that would not increase the cost or weight of the vehicle (Crespo et al., 2016, Fig.3-4).
FEM simulations were used to evaluate the benefit attributable to the design changes. It was
demonstrated that the structural changes resulted in a more controlled bending behaviour and
reduced the intrusion velocity of the door. The thoracic response of the crash dummy also
indicated a lower risk of injury (middle and lower chest ribs) when the B-pillar and floor sill
were optimised (Fig.7 in the Crespo paper).
SUV-to-car impact compatibility was addressed by Volvo in 2002 with the XC90 plat-
form155. Engineers integrated a subframe consisting of a secondary front cross-beam at
a lower height. In the event of a side collision, this structural member was designed to
engage with the sills of the struck vehicle. This would offer additional protection to the
occupant of the target vehicle by contacting the more rigid door sills to overcome geometrical
incompatibility issues associated with SUV-to-car impacts. Greater engagement of the sill,
dissipates impact energy and would reduce the velocity of the intruding door had the sill not
been engaged. By reducing the velocity of the intruding door is a occupant at a lower risk of
injury.
Active armrests
Fig. 10.5 The con-
cept of an active
armrest. Source:
Luzon-Narro et al.
(2014)
Seat engineers investigated the benefits associated with an active armrest
[Luzon-Narro et al. (2014) - as per Figure 10.5]. In the event of lateral
collision, a actuator would fold the armrest inwards and increase the
door interior to occupant/dummy thorax clearance by 20%. The armrest
changed its form from rectangular in nature to be more rounded, thus
reducing the aggressive nature of the (shallow) filleted-radius armrest.
The system contributed to a 70% reduction in dummy-based thoracic
injury metrics under a given load case.
Given this increased survival space, the velocity of the intruding door
at hte point of contact was also reduced. As indicated within this research,
by decreasing the velocity at point of impact, the risk of thoracic injury
for the occupant is reduced.
155Volvo celebrates 80 years of safety - https://www.media.volvocars.com/global/en-
gb/media/pressreleases/11381
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External vehicle bumper bag
An external bumper bag was presented by Autoliv engineers as a coun-
termeasure against SUV-passenger vehicle crash incompatibility [Pipkorn et al. (2007)]. The
bag was mounted into the front end structure of a striking SUV and deployed prior to impact
with a passenger vehicle as shown in Figure 10.6. The velocity of the intruding door and
thorax specific (dummy-based) injury metrics were reduced with the activation of the bumper
bag. This would translate to a safer environment for the occupant in the real world.
Fig. 10.6 The external
bumper bag concept for an
SUV. Source: Pipkorn et al.
(2007)
Similarly it has been proposed to integrate an external airbag
into the side structure of the struck vehicle [Breed (1998)].
Designs proposed that airbags deploy over the floor sill and
door structure to introduce an external air cushion between
the two striking vehicles. The greatest limitation associated
with these concepts originates from the correct recognition of
signals from the pre-crash sensors, and the current state of the
art has not yet developed a reliable system [Barbat et al. (2013)].
Similarly, the design aims to engage more of the rigid vehicle
structure, absorbing more energy, slowing the door upon intrusion and would reuslt in a
lower risk of injury for the occupant.
Autonomous Vehicles
Radar sensors have become increasingly more available in modern vehicles and as the
industry is propelling to a future of autonomous driving, the quantity in vehicles and the
functional capacity of radar sensors will dramatically improve. Therefore, either of the
systems could easily be integrated into the fleet and would be associated with a real world
benefit.
In a fleet of autonomous vehicles, the function of traditional vehicle components will
change and the occupant is likely to be restrained in a way other than the traditional seating
orientations that are currently used. This may also provide engineers with the opportunity to
improve the rigidity of the vehicle structure. Currently, we work in office buildings without
windows that open. Likewise, we commute in trains and aeroplanes that offer no retractable
windows. The environment is acclimatised by air conditioners. It is foreseeable that the
retractable window components used in a current vehicle could be removed from within
the vehicle door cavity and replaced with improved structural members or more material.
There are no safety regulations which state the window needs to be retractable and used for
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potential vehicle ingress/egress. The additional reinforcement can be optimised to slow the
velocity of the door upon impact.
10.3 Concluding Remarks
Chapters 3, 5, 7 and 8 demonstrated that limiting static and dynamic intrusion during a
lateral impact reduces the occupant’s risk of thoracic injury. Similarly Chapters 4, 5, 6 and
8 demonstrated that the tSAB was not able to provide additional thoracic protection for
the occupant. This chapter acknowledged a series of pre-established design optimisations
that comprehend the need to limit intrusion and would contribute to improve lateral impact
crashworthiness. Although the features discussed within this chapter have long appeared
in scientific literature, this chapter contributes to the current body of literature given the
emphasis on occupant safety during autonomous driving.
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Chapter 11
Conclusions
To gauge the effectiveness of injury prevention associated with government interventions,
infrastructure associated urban planning and/or vehicle safety features, one can integrate
epidemiological research methods into the prevalence of MVC-resultant injuries. The content
of this thesis was to treat the introduction of seat-embedded thoracic side airbags as a control
program. A successful program would be granted if evidence supported their ability to
reduce injury risks. This consequently required a meticulous study of MVC databases. It is
from the retrospective viewpoint that one can address the shortcomings of our past efforts by
determining a system’s efficacy.
As their penetration into the vehicle fleet has grown, one can better gauge a real-world
estimate of the actual protection afforded by the airbag. Acknowledging analysis of Real-
World MVC is retrospective in nature, the validity of an analysis can be controlled by
accounting for a series of fleet-specific confounders. Prospective studies are possible; but
require a meticulous study design. As statistician George Box was paraphrased as saying,
"The only way to find out what will happen when a complex system is disturbed is to disturb
the system, not merely to observe it passively" [Mosteller and Tukey (1977)]. This thesis
aimed to consider the tSAB as the complex system and scrutinize the occupant related benefit,
not merely the dummy associated benefit.
One of the research objectives listed in chapter one was to evaluate the efficacy of the
thoracic side airbag in its ability to protect the occupant’s thorax. A series of contributory
research question were addressed in chapters 4-6, 8-9 to determine this efficacy. This
enabled a new contribution to the general body of knowledge. Most noticeably, the reader
will acknowledge that results from the Controlled Collision Environment were projected to
Real-World MVC. This enabled previously unaccounted for collision factors to be taken into
account when determining efficacy estimates. Additionally, the results indicated that the crash
test/dummy based design is taking the abstract process too far and hence cannot adequately
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represent the Real-World collision and injury scenario. As a consequence, optimized safety
systems have been developed for the dummy, which confer no benefit for the occupant.
The robust nature of the tSAB was investigated in chapter nine using advanced numerical
modelling tools for a single load case within the standard design envelope. Significant
advancements in computer modelling have been achieved since the tSAB was first introduced
into the vehicle fleet. It was however demonstrated that small micro-effects in pre-impact
modelling, such as arm positioning can have significant effects on model outcomes which
may or may not translate to injury risk.
The second research objective was to identify factors which can improve crashworthiness
of the vehicle fleet to reduce injury risk in the event of a lateral impact. Accidentology has
long identified the dynamic motion of the vehicle door as an associative factor for thoracic
injury in lateral impacts. The idea of an inflatable cushion deploying between the occupant
and the intruding door structure to reduce injury risks first arose in scientific literature in
1989 [Mellander et al. (1989)]. Figure 6.2 indicated that under a fixed loading condition,
the vehicle fleet has increased their lateral stiffness. The contributory research question
addressed in chapter seven extended upon this by evaluating the dynamic motion of the door
during impact. A significant finding of the chapter was that, for a lateral barrier impact,
newer, stiffer vehicles not only undergo less residual intrusion, but also the velocity of the
intruding door has been reduced. Yet, this increased lateral stiffness has occurred parallel
to increased frontal stiffness of the fleet. Both these changes to the vehicle structure have
been documented since the implementation of regulations/directives and consumer testing
programs. The impacting velocity was not investigated with regards to the increased frontal
stiffness of the vehicle fleet. Given that the need to reduce the velocity of the intruding
door to improve occupant protection, chapter ten presented a series of proposals which, if
implemented, would contribute to a future where the risk of occupant injury in a lateral
impact would be significantly reduced. All of which obtain to reducing the door velocity at
point of occupant contact.
Vehicle manufacturers and research institutes demonstrated that vehicle safety can be
improved at no additional cost if the vehicles structures are matched to one another [Volk-
swagen (1986)]. Therefore, it is inappropriate to use crash dummies in a constrained crash
domain. Instead the measurement of deformation or dynamic velocities should be considered
in any injury risk evaluation. This was identified by Volvo and Autoliv engineers who crashed
similar aged vehicles into one another and found that while the extent of residual intrusion
was reduced, the dynamic motion of the door at point of occupant/dummy impact did not
differ [Sunnevang et al. (2010)]. This artefact has not been further discussed in scientific
literature.
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Vehicle manufacturers themselves have said that the oblique pole test directed at the oc-
cupants head is much more structurally challenging than the barrier impact (Federal Register,
2008, p.40020). The structural challenge further escalates with (test) vehicle weight. Yet,
the prevalence of fixed-object collisions has drastically declined, especially those aligned
with the occupant compartment and this was probably due to the strong efficacy of ESC
[Fildes et al. (2013)]. Active safety systems are expected to change the collision scenario
[Rieger et al. (2005)]. Each load case used in the vehicle validation domain requires a strong
correlation with the real-world collision environment. Within the bounds of this research, in
terms of thoracic protection and airbag deployment, the statement may not hold true for the
current pole test. Therefore, this highly-localised loading case may be (one of) the technical
reasons that the tSAB remains in the vehicle fleet despite the inability of Real-World analysis
to depict any thoracic region specific benefit. A trend was seen in which newer vehicles
obtained heightened injury risk when a larger and more biofidelic dummy was placed in the
vehicle. The pole test does encourage the fitment of hSAB systems which have shown very
strong field effectiveness. Therefore, any evaluation of the pole test needs to consider the
occupant protection to the head and thoracic regions.
The tSAB units impose a financial burden on the industry, however, given that the public
generally associate airbags with improved safety, they will likely remain in future vehicles
as a post-collision aesthetic feature. The seat-embedded unit injects more energy into the
collision, and this energy must be effectively dissipated if it is to reduce injury risk. The
analysis presented in this document did not support this. One of the major differences
between frontal airbag (deploying from the steering wheel or dashboard) and those embedded
into the seat, is the vicinity to the occupant in which they deploy. The frontal airbags are at a
much greater distance to the occupant. These frontal airbags are Supplementary Restraint
Systems (SRS) which best work in combination with an occupant seat belt to reduce the
ride-down of the occupant in European vehicles156. The SRS embedded in the seat deploy
much closer to the occupant and the safety belt, which was primarily designed for frontal
impact [Levine et al. (1999)]. Thus, bodies of literature have demonstrated that significant
benefits are associated with the frontal airbag deployment, however similar reasoning cannot
be assumed for the seat-embedded systems.
11.1 Future Work
Limiting vehicle intrusion, both the dynamic and residual, was demonstrated to yield the
best possibility of improved vehicle self-protection during a lateral impact. Although it
156In America vehicles may be tested with unbelted occupants in frontal crashes - FMVSS 208
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was demonstrated that the extent of dynamic and residual intrusion has been reduced in
the Controlled Collision Environment, it cannot be asserted with any level of confidence
that the effect is evident in field data. The greatest potential to expand upon the research
presented in this thesis, would be to conduct a series of vehicle-vehicle lateral impacts
with differently aged (or stiff) vehicles and compare the velocity profile of the intruding
door. Chapter one emphasized that it was by no means sufficient to study barrier impacts in
isolation. Instead, one needs to institute a sensitivity analysis for vehicle speed to truly gauge
if the improvements in the lateral stiffness have limited velocity given the increased frontal
stiffness. This would be associated with a significant financial cost on an investigating party,
however the hurdle could be mitigated by using FEM.
The introduction of the three chamber airbag into the fleet should be closely monitored
for its performance in the field. Any of the presented analyses could be adopted to measure
the effectiveness of the unit. Additionally, one could virtually investigate the associated
protection by varying occupant/dummy pre-impact position. While the industry is striding
towards a possible future of autonomous driving, it still faces the current-day issue – which is
that the current standard of advanced driver assistance systems cannot substantially reduce the
occurrence of lateral (intersection) collisions. Therefore, one must invest a greater proportion
of resources into lateral impact compatibility if we are to truly eradicate the resultant serious
and fatal injuries.
The content of this thesis focused exclusively on near-side collisions. Euro NCAP have
announced they will start to assess a vehicle’s crashworthiness in a far-side impact from 2020.
It has been indicated that belt slip may occur (for example Douglas et al. (2007); Mackay
et al. (1993); Pintar et al. (2006); Stolinski et al. (1998)) and occupant interaction in the front
row may be associated with injury. It is likely that a measure to improve standards would be
to introduce a central airbag, however this will also again increase the energy required to be
dissipated during the impact.
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Appendix A
Influence of target vehicle on Tho.MAIS3+
Injury risk curves and associated confidence intervals for different vehicle-vehicle con-
stellations from Figure 3.5. Above is the curve for Pre-NCAP target vehicles and below
Post-NCAP target vehicles.
(a)
(b)
Fig. A.1 Injury risk curves at the MAIS3+ injury severity for (a) Pre-NCAP and (b) Post-
NCAP target vehicles. Curves in red represent a Pre-NCAP bullet vehicle and in blue, a
Post-NCAP striking vehicle. The target vehicle ∆v is shown along the x-axis in kmh−1.
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Appendix B
Thoracic Injuries of interest
Table B.1 outlines the possible injuries incurred by the occupant in their thoracic region, as
per AIS 1990 - 1998 Update listing [AAAM (1998)]. The injuries include not only those
categorised as the thorax-region in the list, but also localised injury in the spine and external
inhalation injury assigned to the thorax. The majority of the analysis in this thesis considers
Tho.MAIS3+ injuries, however Chapter 6 also investigated the occurrence of Tho.MAIS2+
injuries. The Severity column relates to the MAISx+ injury.
Table B.1 List of AIS 1990 - 1998 Update AIS2+ Thoracic Injuries.
Identifier Severity Description T HOskeletal
411000 2 Breast avulsion, female
413000 6 bilateral destruction of skeletal, vascular, organ and tissue systems (crush inj x
415000 4 Open sucking chest wound (OIS Grade IV)
416004 2 Penetrating injury with tissue loss >100cm2 bur blood loss <= 20% by volume
416006 3 Penetrating injury with blood loss > 20% by volume
416008 3 Penetrating injury with hemo-/pneumothorax except tension PTX (see 442210.5)
410604 2 Skin/subcutaneous/muscle/chest wall laceration major (>20cm long and into subcu-
taneous tissue)
410606 3 Skin/subcutaneous/muscle/chest wall laceration blood loss > 20% by volume
410804 2 Skin/subcutaneous/muscle/chest wall avulsion major (>100cm2 but blod loss >20%
by volume)
410806 3 Skin/subcutaneous/muscle/chest wall avulsion blood loss > 20% by volume
420299 4 Aorta, thoracic NFS
420202 4 Aorta, thoracic intimal tear, no disruption
420204 5 Aorta, thoracic intimal tear, no disruption with aortic valve involvement
420206 4 Aorta, thoracic laceration (perforation, puncture) NFS
420208 4 Aorta, thoracic laceration (perforation, puncture) minor
420210 5 Aorta, thoracic laceration (perforation, puncture) major
420212 5 Aorta, thoracic laceration (perforation, puncture) major with aortic root or valve in-
volvement
420216 5 Aorta, thoracic laceration (perforation, puncture) major with hemorrhage confined to
mediastinum
420218 6 Aorta, thoracic laceration (perforation, puncture) major with hemorrhage not confined
to mediastinum
420499 3 Brachiocephalic (innominate) artery NFS
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420402 3 Brachiocephalic (innominate) artery intimal tear, no disruption
420404 3 Brachiocephalic (innominate) artery laceration (perforation, puncture) NFS
420406 3 Brachiocephalic (innominate) artery laceration (perforation, puncture) minor
420408 4 Brachiocephalic (innominate) artery laceration (perforation, puncture) major
420699 3 Brachiochephalic (innominate) vein NFS
420602 3 Brachiochephalic (innominate) vein laceration (perforation, puncture) NFS
420604 3 Brachiochephalic (innominate) vein laceration (perforation, puncture) minor
420606 4 Brachiochephalic (innominate) vein laceration (perforation, puncture) major
420608 5 Brachiochephalic (innominate) vein laceration (perforation, puncture) major with air
embolus
420800 5 Coronary artery laceration or thrombosis
421099 3 Pulmonary artery NFS
421002 3 Pulmonary artery intimal tear, no disruption
421004 3 Pulmonary artery laceration (perforation, puncture) NFS
421006 3 Pulmonary artery laceration (perforation, puncture) minor
421008 4 Pulmonary artery laceration (perforation, puncture) major
421299 3 Pulmonary vein NFS
421202 3 Pulmonary vein laceration (perforation, puncture) NFS
421204 3 Pulmonary vein laceration (perforation, puncture) minor
421206 4 Pulmonary vein laceration (perforation, puncture) major
421499 3 Subclavian artery NFS
421402 3 Subclavian artery intimal tear, no disruption
421404 3 Subclavian artery laceration (perforation, puncture) NFS
421406 3 Subclavian artery laceration (perforation, puncture) minor
421408 4 Subclavian artery laceration (perforation, puncture) major
421699 3 Subclavian vein NFS
421602 3 Subclavian vein laceration (perforation, puncture) NFS
421604 3 Subclavian vein laceration (perforation, puncture) minor
421606 4 Subclavian vein laceration (perforation, puncture) major
421899 3 Vena Cava, superiour and thoracic portion of inferior NFS
421802 3 Vena Cava, superiour and thoracic portion of inferior laceration (perforation, punc-
ture) NFS
421804 3 Vena Cava, superiour and thoracic portion of inferior laceration (perforation, punc-
ture) minor
421806 4 Vena Cava, superiour and thoracic portion of inferior laceration (perforation, punc-
ture) major
421808 5 Vena Cava, superiour and thoracic portion of inferior laceration (perforation, punc-
ture) major with air embolus right side
422099 2 Other named arteries NFS
422002 2 Other named arteries intimal tear, no disruption
422004 2 Other named arteries laceration (perforation, puncture) NFS
422006 2 Other named arteries laceration (perforation, puncture) minor
422008 3 Other named arteries laceration (perforation, puncture) major
422299 2 Other named vein NFS
422202 2 Other named vein laceration (perforation, puncture) NFS
422204 2 Other named vein laceration (perforation, puncture) minor
422206 3 Other named vein laceration (perforation, puncture) major
440204 2 Bronchus distal to main stem laceration NFS
440206 2 Bronchus distal to main stem laceration no perforation, partial thickness
440208 3 Bronchus distal to main stem laceration perforation, full thickness but not complete
transection
440210 4 Bronchus distal to main stem laceration complex, avulsion, rupture, transection
440212 3 Bronchus distal to main stem fracture NFS
440214 3 Bronchus distal to main stem fracture simple
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440216 4 Bronchus distal to main stem fracture major (with separation)
440400 5 Chordae tendinae laceration (rupture)
440699 2 Diaphragm NFS
440602 2 Diaphragm contusion
440604 3 Diaphragm laceration
440606 4 Diaphragm rupture with herniation
440899 2 Esophagus NFS
440802 2 Esophagus contusion
440804 3 Esophagus laceration NFS
440806 3 Esophagus laceration no perforation, partial thickness, <=50% circumference
440808 4 Esophagus laceration perforation, full thickness but not complete transection, >50%
circ
440810 5 Esophagus laceration complex tissue loss, avulsion, rupture, transection
441006 4 Heart (Myocardium) Contusion (Hematoma) major
441008 3 Heart (Myocardium) laceration NFS
441010 3 Heart (Myocardium) laceration no perforation, no chamber involvement
441012 5 Heart (Myocardium) laceration perforation (vent./art. with or without tamponade
441014 6 Heart (Myocardium) laceration perforation (vent./art. with or without tamponade
complex or ventricular rupture
441016 6 Heart (Myocardium) laceration perforation (vent./art. with or without tamponade
multiple lacerations, >50% tissue loss of chamber
441018 6 Heart (Myocardium) avulsion
441200 5 Intracardiac valve laceration (rupture)
441300 5 Intraventricular or interatrial septum laceration (rupture)
441499 3 Lung NFS
441402 3 Lung contusion BFS
441406 3 Lung contusion unilater
441410 4 Lung contusion bilateral
441414 3 Lung laceration NFS
441416 3 Lung laceration with pneumomediatinum
441418 4 Lung laceration with hemomediastinum
441420 4 Lung laceration with blood loss >20%
441422 5 Lung laceration with tension pneumothorax
441424 5 Lung laceration with parenchymal laceration with massive air leak
441426 5 Lung laceration with systemic air embolus
441430 3 Lung unilateral NFS
441432 3 Lung unilateral with pneumomediatinum
441434 4 Lung unilateral with hemomediastinum
441436 4 Lung unilateral with blood loss >20%
441438 5 Lung unilateral with tension pneumothorax
441440 5 Lung unilateral with parenchymal laceration with massive air leak
441442 5 Lung unilateral with systemic air embolus
441450 4 Lung bilateral NFS
441452 4 Lung bilateral with pneumomediatinum
441454 4 Lung bilateral with hemomediastinum
441456 5 Lung bilateral with blood loss >20%
441458 5 Lung bilateral with tension pneumothorax
441460 5 Lung bilateral with parenchymal laceration with massive air leak
441462 5 Lung bilateral with systemic air embolus
441699 2 Pericardium NFS
441602 2 Pericardium laceration
441604 3 Pericardium injury with tamponade withour heart injury
441606 5 Pericardium herniation of the hear
441800 2 Pleura laceration
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441802 3 Pleura laceration with hemo-/pneumothoray
442202 3 Thoracic cavity injury with hemo-/pneumothory
442204 3 Thoracic cavity injury with pneumomediastinum
442206 4 Thoracic cavity injury with hemomediastinum
442208 4 Thoracic cavity injury with blood loss >20%
442210 5 Thoracic cavity injury with tension pneumothorax
442212 5 Thoracic cavity injury with systemic air embolus
442402 2 Thoracic duct laceration
442699 3 Trachea and main stem bronchus NFS
442602 3 Trachea and main stem bronchus contusion (hematoma)
442604 3 Trachea and main stem bronchus laceration NFS
442606 3 Trachea and main stem bronchus laceration no perforation, partial thickness
442608 4 Trachea and main stem bronchus laceration perforation, full thickness but not com-
plete transection
442610 5 Trachea and main stem bronchus laceration complex avulsion, avulsion, rupture, tran-
section
442612 4 Trachea and main stem bronchus fracture NFS
442614 4 Trachea and main stem bronchus fracture simple
442616 5 Trachea and main stem bronchus fracture major with laryngeal-tracheal separation
450210 2 Rib cage multiple rib fractures NFS x
450211 3 Rib cage multiple rib fractures NFS with hemo-/pneumothorax x
450214 3 Rib cage multiple rib fractures x
450220 2 Rib cage multiple rib fractures 2-3 ribs x
450222 3 Rib cage multiple rib fractures x
450230 3 Rib cage multiple rib fractures >3 ribs on one side and no more than 3 ribs on the
other sidem stable chest or N
x
450232 4 Rib cage multiple rib fractures x
450240 4 Rib cage multiple rib fractures >3 ribs on each of two sides, with stable chest or NFS x
450242 5 Rib cage multiple rib fractures x
450250 3 Rib cage multiple rib fractures open/displaced/comminuted (>=1 rib) x
450252 4 Rib cage multiple rib fractures x
450260 3 Rib cage multiple rib fractures flail chest, unstable chest wall, paradoxical chest move-
ment unilateral or NFS
x
450262 3 Rib cage multiple rib fractures flail chest, unstable chest wall, paradoxical chest move-
ment unilateral or NFS without lung contusion
x
450264 4 Rib cage multiple rib fractures flail chest, unstable chest wall, paradoxical chest move-
ment unilateral or NFS with lung contusion
x
450266 5 Rib cage multiple rib fractures flail chest, unstable chest wall, paradoxical chest move-
ment unilateral or NFS bilateral
x
450804 2 Sternum fracture x
640400 3 Cord contusion NFS
640401 3 Cord contusion with transient neurological signs NFS
640402 3 Cord contusion with transient neurological signs with no fracture or dislocation
640404 3 Cord contusion with transient neurological signs with fracture x
640406 3 Cord contusion with transient neurological signs with dislocation x
640408 3 Cord contusion with transient neurological signs with fracture and dislocation x
640410 4 Cord contusion incomplete cord syndrome NFS
640412 4 Cord contusion incomplete cord syndrome with no fracture or dislocation
640414 4 Cord contusion incomplete cord syndrome with fracture x
640416 4 Cord contusion incomplete cord syndrome with dislocation x
640418 4 Cord contusion incomplete cord syndrome with fracture and dislocation x
640420 5 Cord contusion complete cord syndrome NFS
640422 5 Cord contusion complete cord syndrome with no fracture or dislocation
640424 5 Cord contusion complete cord syndrome with fracture x
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640426 5 Cord contusion complete cord syndrome with dislocation x
640428 5 Cord contusion complete cord syndrome with fracture and dislocation x
640440 5 Cord laceration NFS
640442 5 Cord laceration incomplete NFS
640444 5 Cord laceration incomplete with no fracture or dislocation
640446 5 Cord laceration incomplete with fracture x
640448 5 Cord laceration incomplete with dislocation x
640450 5 Cord laceration incomplete with fracture and dislocation x
640460 5 Cord laceration complete cord syndrome NFS
640462 5 Cord laceration complete cord syndrome with no fracture or dislocation
640464 5 Cord laceration complete cord syndrome with fracture x
640466 5 Cord laceration complete cord syndrome with dislocation x
640468 5 Cord laceration complete cord syndrome with fracture and dislocation x
650499 2 Disc Injury NFS x
650400 2 Disc Injury Herniation NFS x
650402 2 Disc Injury Herniation without nerve root damage x
650403 3 Disc Injury Herniation with nerve root damage x
650404 2 Dislocation (subluxation) without fracture, cord contusion or cord laceration NFS
650409 2 Dislocation (subluxation) without fracture, cord contusion or cord laceration facet
NFS
650410 2 Dislocation (subluxation) without fracture, cord contusion or cord laceration facet
unilater
650412 3 Dislocation (subluxation) without fracture, cord contusion or cord laceration facet
bilateral
650416 2 Fracture without cord cuntusion or laceration with or without dislocation NFS x
650418 2 Fracture without cord cuntusion or laceration with or without dislocation spinousus
process
x
650420 2 Fracture without cord cuntusion or laceration with or without dislocation transverse
process
x
650422 3 Fracture without cord cuntusion or laceration with or without dislocation facet x
650424 3 Fracture without cord cuntusion or laceration with or without dislocation lamina x
650426 3 Fracture without cord cuntusion or laceration with or without dislocation pedicle x
650430 2 Fracture without cord cuntusion or laceration with or without dislocation vertebra
body NFS
x
650432 2 Fracture without cord cuntusion or laceration with or without dislocation vertebra
body minor compression (<20% of anterior height)
x
650434 3 Fracture without cord cuntusion or laceration with or without dislocation vertebra
body major compression (>20% loss of height)
x
630499 2 Nerve root, single or multiple NFS
630402 2 Nerve root, single or multiple contusion (strech injury)
630404 2 Nerve root, single or multiple laceration NFS
630406 2 Nerve root, single or multiple laceration single
630408 3 Nerve root, single or multiple laceration multiple
630410 2 Nerve root, single or multiple avulsion (rupture) NFS
630412 2 Nerve root, single or multiple avulsion (rupture) single
630414 3 Nerve root, single or multiple avulsion (rupture) multiple
919200 2 inhalation injury NFS
919201 2 inhalation injury absecence of carbonous deposits, erythema, edema, bronchorrhea or
obstruction
919202 3 inhalation injury minor or patchy areas of erythema, carbonous deposits in proximal
or distal bron
919204 4 inhalation injury morderate degree of erythema, carbonaceous deposits, bronchorrhea
with or withou
919206 5 inhalation injury severe inflamation with friability, coplous carbonaceous deposists,
brochorrhea,
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919208 6 inhalation injury evidence of mucolsal sloughing, necrosis, endoluminal obliteration
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Appendix C
Influence of occupant age on Tho.MAIS3+ in the Non-senior population
Injury risk curves for vehicle-vehicle collisions
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(a) Young Non-senior population.
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(b) Mid-Old Non-senior population.
Fig. C.1 Tho.MAIS3+ Injury risk curves for the Non-senior population in vehilce-vehicle
lateral impacts.
It was mentioned that peak bone strength is obtained when an person is in their early-mid
thirties. Thus, as this age is encapsulated in the interval for the Non-senior population, it was
thought to separate these occupants further and investigate if any significant differences were
apparent. Thus the Non-senior population was separated at 33 years, and new Tho.MAIS3+
injury risk curves were developed. The supplementary curves were developed for an occupant
aged 25 and 45 years old and appear in Figure C.1, which are also summarised in Table C.1.
The Young Non-senior refers to those occupants aged 16-33 (Figure C.1a), while the Mid-Old
Non-senior occupants are those aged 34-66 (Figure C.1b).
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Table C.1 Summary table for the risk curves developed in Figure C.1. Impact severity
measured in terms of ∆vlat , where all values are specified in km/h.
%ile Tho.MAIS3+ 95%CI
Non-senior
Young
Age:25
10th 25.6 23.7–27.8
25th 36.3 33.8–38.8
50th 49.1 44.9–53.7
75th 62.3 55.5–70.0
Non-senior
Mid-Old
Age:45
10th 21.5 19.7–23.6
25th 32.0 29.6–34.6
50th 45.2 40.8–50.0
75th 59.3 52.0–67.7
The raw counts of occupants in the two populations were almost equally split when an
age of 33 years was used to separate the original group. The results indicated that an occupant
aged 25 is less vulnerable to injury than someone aged 45 (i.e at each ∆vlat , the Young is
>Mid-Old curve), however the result was not statistically significant at a 5% level.
The influence of occupant age was more pronounced in the Young Non-senior population,
given the large lateral shift in the age curve. However, given the slight magnitude of the shift,
one cannot conclude that the linear effect of age within each cohort in the apparent data is of
any real-world value.
Although specific PMHS experiments have indicated a difference in biomechanical
tolerance for occupants aged between 16-66 years, the real-world collision data obtained
from the NASS-CDS did not indicate that such a difference was apparent. This is most
likely to the small range of collisions in which an occupant suffered a Tho.MAIS3+ injury.
Nonetheless, given the analysis in Chapter 5 assess the Non-Senior population as whole, it is
assumed to impeded minimal bias in the subsequent analysis.
Influence of vehicle age on Tho.MAIS3+ in the Non-senior population
Injury risk curves for vehicle-vehicle collisions
Instead of separating vehicles according to the tSAB status, vehicle year was used, as denoted
by the VIN. An arbitrary year of 2004 was chosen in attempt to balance sample sizes. Thus,
the cohort of older vehicles are those with a vehicle year from 1999-2004, and the newer
vehicles from 2005-2015. Tho.MAIS3+ injury risk curves for the Non-Senior population
were developed and appear in Figure C.2, which is also summarised in Table C.2. The small
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Fig. C.2 Young Non-senior population.
Table C.2 Summary table for the risk curves developed in Figure C.2. Impact severity
measured in terms of ∆vlat , where all values are specified in km/h.
%ile Tho.MAIS3+ 95%CI
Non-senior
Older Vehicles
Age:45
10th 20.7 19.1–22.5
25th 30.5 28.5–32.5
50th 42.7 39.4–46.4
75th 55.8 50.1–62.1
Non-senior
Newer Vehicles
Age:45
10th 25.3 22.8–28.1
25th 35.4 32.2–38.9
50th 47.6 42.5–53.2
75th 60.0 52.0–69.1
sample size of Senior occupants did not allow for a meaningful analysis when the the similar
methodology was applied.
At the 10th%ile, the predicted risk of Tho.MAIS3+ injury was statistically significant.
Non-senior occupants in newer vehicles saw their risk of injury offset by 4.6km/h in com-
parison to occupants in older vehicles. The statistical significant result is not maintained
at greater collision severities, however this may be an artefact of the model, as collision of
greater severity are less prevalent in the real-world. Nonetheless, evidence has been obtained
which demonstrates that newer vehicles provide a better crashworthiness rating than the early
post-US NCAP vehicles.
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Appendix D
Influence of target vehicle on Tho.MAIS3+
Matched Closed Collision Environment crash tests from Chapter 6. The matching criteria
required:
• lateral stiffness’s - defined by post-impact intrusion (±50mm),
• survival space – interior to dummy arm distance (AD±30mm),
• the same Crash Dummy, and
• vehicle body type (two–door, four–door vehicle, SUV etc. [identified by the BODY
variable]).
Matched impacts are listed in Tables D.1 and D.2 .
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Appendix E
Thoracic Side Airbag Effectiveness in Lateral Fixed-Object Collisions
Projection of bodily injuries to national estimates
The weighted distribution of ∆vlat in fixed-object collisions from NASS-CDS collisions is
shown in Figure E.1. It is accompanied by the fitted-model associated with 1983 data which
was used to determine an appropriate impact speed for the lateral pole test [Ray (1999)].
Tables E.1-E.4 show the influence of the associated NASS-CDS weightin factors for the pole
collisions used in Section 8.3. The tables summarise the number of raw collisions, how this
projects with the weighting estimates and the risk of injury. Similar to Figure 8.5, the raw
risk of injury is summarised in Figure E.2.
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
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0.9
1.0
0 20 40 60
∆VLATERAL − km/h
Cumulative distribution of vehicle impact velocities
–– Fitted model from
     1983 NASS data
–– Weighted 1999-2012
      NASS-CDS data
Fig. E.1 Cumulative distribution of ∆vlat in fixed-object collisions. Shown in black is the
weighted distribution from the current NASS-CDS data and the model fitted to the 1983 data
in red (Adapted from: Ray (1999)).
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Table E.1 Risk of thoracic injury per tSAB availability and intrusion.
All (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISST HO ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 70 - - 41 - - 44 - -
Weighted Events 15117 - - 4765 - - 2738 - -
Weights Events with injury 739 381 333 755 339 235 1746 1588 1425
Risk 0.049 0.025 0.022 0.158 0.071 0.049 0.638 0.580 0.520
SE 0.018 0.013 0.013 0.092 0.031 0.028 0.076 0.082 0.105
with tSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISST HO ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 12 - - 10 - - 11 - -
Weighted Events 1060 - - 715 - - 602 - -
Weights Events with injury 96 42 32 397 29 29 365 345 251
Risk 0.091 0.040 0.030 0.555 0.041 0.041 0.606 0.573 0.417
SE 0.056 0.035 0.032 0.279 0.039 0.039 0.121 0.118 0.149
without tSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISST HO ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 58 - - 31 - - 33 - -
Weighted Events 14057 - - 4050 - 2136 - -
Weights Events with injury 643 339 301 358 310 206 1381 1243 1174
Risk 0.046 0.024 0.021 0.088 0.077 0.051 0.647 0.582 0.550
SE 0.018 0.013 0.013 0.047 0.037 0.032 0.103 0.114 0.116
Table E.2 Risk of head injury per hSAB availability and intrusion.
All (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSHFN ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 71 - - 41 - - 46 - -
Weighted Events 15157 - - 4765 - - 2793 - -
Weights Events with injury 1272 969 937 657 657 608 1453 1246 755
Risk 0.084 0.064 0.062 0.138 0.138 0.128 0.520 0.459 0.270
SE 0.025 0.023 0.022 0.086 0.086 0.084 0.119 0.160 0.109
with hSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSHFN ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 10 - - 7 - - 9 - -
Weighted Events 1019 - - 569 - - 534 - -
Weights Events with injury 88 88 88 0 0 0 209 209 209
Risk 0.086 0.086 0.086 0.000 0.000 0.000 0.391 0.391 0.391
SE 0.053 0.053 0.053 0.000 0.000 0.000 0.026 0.026 0.026
without hSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSHFN ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 61 - - 34 - - 37 - -
Weighted Events 14138 - - 4196 - - 2259 - -
Weights Events with injury 1184 881 849 657 657 608 1244 1037 546
Risk 0.084 0.062 0.060 0.157 0.157 0.145 0.551 0.446 0.242
SE 0.027 0.022 0.022 0.112 0.112 0.109 0.144 0.132 0.123
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Table E.3 Risk of pelvis injury per tSAB availability and intrusion.
All (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSPEL ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 70 - - 41 - - 44 - -
Weighted Events 15117 - - 4765 - - 2738 - -
Weights Events with injury 16 16 16 169 79 24 1094 930 697
Risk 0.001 0.001 0.001 0.035 0.017 0.005 0.400 0.340 0.255
SE 0.001 0.001 0.001 0.030 0.010 0.005 0.115 0.126 0.147
with tSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSPEL ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 12 - - 10 - - 11 - -
Weighted Events 1060 - - 715 - - 602 - -
Weights Events with injury 0 0 0 12 4 0 283 241 8
Risk 0.000 0.000 0.000 0.017 0.006 0.000 0.470 0.400 0.013
SE 0.000 0.000 0.000 0.011 0.007 0.000 0.172 0.210 0.018
without tSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSPEL ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 58 - - 31 - - 33 - -
Weighted Events 14057 - - 4050 - 2136 - -
Weights Events with injury 16 16 16 157 75 24 811 689 689
Risk 0.001 0.001 0.001 0.039 0.019 0.006 0.380 0.323 0.323
SE 0.001 0.001 0.001 0.036 0.012 0.006 0.162 0.171 0.171
Table E.4 Risk of abdomen injury per tSAB availability and intrusion.
All (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSABD ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 70 - - 41 - - 44 - -
Weighted Events 15117 - - 4765 - - 2738 - -
Weights Events with injury 293 107 75 111 20 20 363 302 77
Risk 0.019 0.007 0.005 0.023 0.004 0.004 0.133 0.110 0.028
SE 0.013 0.005 0.004 0.025 0.004 0.004 0.054 0.046 0.019
with tSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSABD ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 12 - - 10 - - 11 - -
Weighted Events 1060 - - 715 - - 602 - -
Weights Events with injury 32 32 0 0 0 0 46 8 0
Risk 0.030 0.030 0.000 0.000 0.000 0.000 0.076 0.013 0.000
SE 0.032 0.032 0.000 0.000 0.000 0.000 0.076 0.018 0.000
without tSAB (3-15]cm intrusion (15-30]cm intrusion (30-46]cm intrusion
NISSABD ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16 ≥ 4 ≥ 9 ≥ 16
Unweighted Events 58 - - 31 - - 33 - -
Weighted Events 14057 - - 4050 - 2136 - -
Weights Events with injury 261 75 75 111 20 20 317 294 77
Risk 0.019 0.005 0.005 0.027 0.005 0.005 0.148 0.138 0.036
SE 0.013 0.004 0.004 0.031 0.005 0.005 0.086 0.076 0.028
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